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ABSTRACT

A microprocessor-based instrument was developed for static
testing solid-fuel rocket engines having peak thrusts of 130
Newtons or less and total impulses of up to 100 Newton-seconds.
It measured peak thrust, total impulse, burn time, pyrotechnic
delay time, and maximum casing external temperature, all to
relative accuracies of two percent of the smallest expected
values. This corresponds to better than 0.1 percent of full-
scale. The instrument was designed for minimum parts cost and
for portable operation from two twelve-volt batteries. It may
be easily modified to test engines with five to ten times

greater thrusts and total impulses.
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I. INTRODUCTION

The object of this thesis effort was to develop a
minimum-cost, field-transportable instrument for static test-
ing small solid-fuel rocket engines and accurately measuring
several of their performance parameters. The system was
specifically tailored to test model rocket engines for com-
pliance with various state and Federal safety requirements
and international séandards for use in record attempts. For
these purposes, measurements of total impulse, peak thrust,
thrust duration, pyrotechnic delay duration, and casing
external temperature were required, all to an accuracy of
two percent of the peak value in each test. This instrument
could be used with little modification to test any type of
rocket engine having a thrust of 150 pounds or less and a
total impulse of less than 200 pound-seconds.

The various parameters of interest here could certainly
all have been measured with purely analog electronics. This
could, for example, have been done by use of a multi-channel
fast-response chart recorder. Such a recorder is very expen-
sive and not easily portable, and its accuracy depends on
proper selection of the scales to be used, which requires
some advance knowledge of the performance expected from the
test item. A microprocessor-based digital system has none

of these disadvantages, and this is why the more complex

digital design was used,.
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At the expense of some complexity in software, the system

developed for this thesis delivered the required accuracy
without advance scale selection when used to test a wide var-
iety of rocket engines. In order to minimize parts costs,

the system was developed as a single-purpose instrument rather

I a2 2w

than as an adaptation of an existing microcomputer.
The instrument consisted of a mechanical force transducer
and a thermocouple temperature sensor, followed by analog
; amplifying and filtering circuits and a digital processing
system. This microprocessor digital system performed analog-
to-digital conversion, detection or computation of the values
of the five parameters of interest, storage of the digital

data representing thrust-vs.-time history, and display (under

operator control) of the measured data. Figure 1 shows the

relationship among the various components of the system.
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Figure 1. System block diagram.
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II. DESIGN REQUIREMENTS

A. INPUT CHARACTERISTICS

The engines which this system was designed to test come
in a wide variety of powers, sizes, and durations, and have
many different variations of thrust with time. Information
on the general values of these parameters is not always avail-
able before a test, and even if it is not the parameters must
be measured to an accuracy of two percent of their value.
Consequently, this system was designed to have a maximum
error of roughly two percent of the smallest value expected
for each parameter. This gave it a performance on larger
engines much better than the minimum requirements. The range
of variation of each parameter which was used in establishing
the design is given in Table I. Some typical shapes for the

variations of thrust with time are given in Figure 2.

TABLE 1
CHARACTERISTICS OF DESIGN INPUTS TO SYSTEM

Parameter Units Expected Values

Minimum Maximum
Peak Thrust Newtons 6.0 130.0
Average Thrust Newtons 2.0 75.0
Total Impulse Newton-seconds 0.50 99.99
Thrust Duration seconds 0.20 9.50
Delay Duration seconds 0.00 15.00
Casing Temperature degrees C 25.0 250.0

12
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Figure 2.

Example shapes of thrust-time inputs.
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Model rocket engines include a small gas-generating
charge for activation of recovery systems, which may go off
from 0 to 15 seconds after the propellant has burned out.
The "thrust" spike which this produces on a test stand must
not be considered when computing total impulse or peak thrust.
With some types of engines there is an igniter-produced
"thrust" spike prior to actual propellant ignition, and this
must be ignored when computing thrust duration and total
impulse. The system software had to be designed to perform
both of these tasks.

A major consideration in the design of a digital data-
collection system is the choice of a sampling rate. This
rate must be at least twice the highest frequency component
in the analog signal being sampled to avoid aliasing. The
sampling rate has a great effect on the amount of memory
required to store the samples and on the technique and hard-
ware used in analog-to-digital conversion. Consequently,
its selection was the first step in the design of the digital
portion of this system. The natural frequency of the mechan-
ical transducer used in this system was about 500 Hz, per-
mitting sampling rates of up to 1000 Hz.

In order to determine the minimum acceptable sampling
rate, the thrust transducer (described later) was built and
was connected to an amplifier circuit and a variable-frequency

four-pole low-pass filter. The direct output of the ampli-

fier was connected to one channel of a Honeywell 906C
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Visicorder recording oscillograph, and the filtered output
was connected to a second channel. The recorder had flat
frequency response to beyond 1000 Hz, and hence did not
affect the results in this test. Various engines were fired
in the transducer, and the recorder outputs before and after
the filter were compared visually. The filter was set at
various values from 500 Hz to 200 Hz. No significant change
in the shape of the output by filtering was detected for any
engine at any filter setting. Clearly the engine thrust
variation contained no important information above 200 Hz
and could safely be low-pass filtered at this value. A
sampling rate cf 500 Hz was chosen.

Casing temperature changes much more slowly than the
other parameters measured by this system. Typically, it
does not begin to rise until after the propellant has burned
out, and does not reach its peak value until 30 to 70 seconds
later. The sampling rate required for this parameter is not
easily compatible with the high rate required for thrust
sampling, so an analog peak detection circuit was used to
hold the voltage corresponding to peak temperature for later

one-time sampling by the digital system.

B. CONSTRAINTS ON PARTS SELECTION

This system was designed to be field-portable, that is,
operable from a pair of batteries connected to provide +12V
and -12V with no more than one ampere of current drain on

either battery. In addition, it was desired to minimize
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the total parts cost even if this required a modest increase

in software complexity and in hardware assembly time.

The voltage requirements posed no great difficulty, except

in the selection of the analog-to-digital conversion hardware.
Most A/D and D/A converters with the speed and number of bits
required use either a +15V or a -15V power supply, or both.
A suitable and inexpensive D/A converter was eventually
obtained from Burr-Brown Research.

The current requirements dictated that Schottky low-power
transistor-transistor logic (LS-TTL) be used in place of

standard TTL in the digital circuit. CMOS logic was not used

because of its incompatibility with many of the microprocessor

system and other major special-purpose chips. The difference
in price and speed between LS-TTL and standard TTL was too
small to outweigh the major differences in current consump-
tion. Current requirements also determined the choice of a
liquid crystal display (LCD) for output rather than light-
emitting diodes (LED). Although an LED display would have
been substantially cheaper ($9. versus $20.) and slightly
less complex, a four-digit display of reasonable size would
have drawn at least 0.5 ampere and would have been unread-
able in sunlight during field use. The reflective LCD that
was chosen uses less than three milliamperes and is not
affected by sunlight.

There were three major constraints on the selection of
the microprocessor; cost, development system support, and

complexity. Performance was not a major issue, since this

16
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application was neither exceptionally fast nor dependent on
large arithmetic computations. Nearly any eight-bit micro-
processor would have had adequate performance. At‘the time
that this project was undertaken, microprocessor development
system (MDS) support was available at the Naval Postgraduate
School for only three CPU chips: the Intel 8080A, the Zilog
2-80, and the Motorola 6800. Because of the complexity of
the software required for this project, selection of a CPU
not supported by a sophisticated MDS would have been unwise.

The features required from the microprocessor system
were: 1) 13 or more I/0 ports; 2) a programmable timer; and
3) 128 x 8 or more of static RAM (memory) for scratchpad and
stack use. It was determined that such a system using the
1-80 would have used five chips and cost about $55., while
one using the 8080A would have used six chips and also cost
$55. A system using the 6802 (almost pin-for-pin compatible
with the 6800) could be assembled with two chips for $48.,
and this design was selected.

Parts cost was also a factor in the design of the analog
amplifier section of this system, and in the selection of
the analog-to-digital conversion technique. In both cases,
single modules existed which would have met all of the per-
formance requirements. Instead of a monolithic instrumenta-
tion amplifier for $17., a set of three operational amplifiers
(total parts cost §5.) was used for each transducer. Rather
than a fast monolithic 12-bit A/D converter module costing

$85., a good 12-bit D/A converter and a comparator were used

17
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(parts cost $30.) with idle microprocessor computing capacity
being employed to generate successive approximation A/D logic.
In both cases, the result was a system which met every per-
formance requirement. The amount of effort expended in wiring
and in software development to achieve this, however, was so
great that the savings in parts cost was not justified.
Design of the RAM system for storing the thrust data
from the analog-to-digital conversion was a final major area
where cost and current requirements determined the design.
A 16K x 4 or 8K x 8 memory was required. A static memory of
this size using the most economical memory chips available
would have cost about $100. and consumed one ampere. The
dynamic memory that was chosen cost $55. and consumed 0.15
ampere. Once again, these savings were realized at the

expense of added software complexity.

C. ACCURACY REQUIREMENTS

Once the magnitudes of the expected inputs were defined,
it was possible to calculate the accuracy required of the
system as a fraction of full-scale values, and thus the
number of bits of analog/digital conversion required.

The accuracy needed in peak thrust measurement was two
percent of the minimum expected peak thrust (6.0 N), or
0.12 Newtons. Full-scale was 130N, so on this basis the
least significant bit in A/D conversion had to represent

one part in 150/0.12 = 1083, This is 10.1-bit accuracy.

18
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Total impulse is simply the integral (digitally, the
sum) of thrust with time, so its error is just the error in
thrust multiplied by the duration of the thrust. A small
thrust error in a long-burning engine can add up to a large
total impulse error. However, if the thrust during this
time is much larger than the error, the total impulse error
will be only a small percentage. The error effect here
depends on the average thrust of the engine. If thrust is
measured to an accuracy of two percent of the minimum expected
average thrust, then assuming no timer or arithmetic errors
the total impulse error can never exceed two percent. Refer-
ring back to Table I, 2 percent of 2.0N is 0.04 Newtons.
This is the accuracy of thrust measurement that must be
achieved to guarantee accuracy of total impulse to two per-
cent of its minimum expected value, or, .02 x .50 = .01 N-sec.
As a fraction of peak expected thrust, this requirement is
130/.04 - 3250, or 11.7-bit accuracy. This more stringent
requirement supersedes the 10.1 bits needed for peak thrust.
A 12-bit conversion was chosen for thrust measurement.

For the temperature system, the maximum acceptable error
was 3°C. There were nonlinearities and errors in the sensor
itself (discussed later) which could introduce at least 2°C
of error, so it was desired to hold A/D quantization error
to 1°C or less. Since the maximum value was 250°C, this was
one part in 250, or eight bits. For this system, only half

of the -5V to +5V range of the A/D conversion input was used,

19




so relative to the full range nine bits of accuracy were
required. Actually, the same twelve-bit system was used
here as was used for thrust, and the last three bits were
ignored.

Event duration timing in this system was done with a
programmable timer driven by the system clock, which was
crystal-controlled. The only error here was the 0.002-second
quantization error, this being the interval between timer-

produced interrupts. This was negligible.

D. NOISE MINIMIZATION

The system developed in this project was intended to be
a highly accurate instrument. The accuracy requirements
placed on it were such that its analog portion had to be
capable of resolving microvolt signals from the transducers,
and its digital portion had to have less than one-half bit
of error in a 12-bit A/D conversion. This meant that careful
attention had to be paid to noise minimization from the
beginning of the design process. Reference 1 was a particu-
larly useful source of design techniques for noise reduction.
The design goal was a true-RMS noise voltage output of no
more than 1/4 of the least significant bit value. For the
thrust system, this was 0.6 millivolts. For the temperature
system, it was 4.8 millivolts.

The ground system of the transducer and analog portion

of the instrument was designed before the rest of the circuit.

The entire instrument was built inside a covered metal chassis

20

5 oo




to shield the circuits from external electric fields. This

chassis was connected at only a single point to the other
parts of the instrument's ground system. Ground conductors
to all of the elements of the analog system were run from
this central grounding point, with no more than two circuit
elements being connected in series on the same conductor.
This kept noise voltage from being induced in the ground of
one element by the return current from another element flow-
ing through the resistance of a shared ground wire.

Within all of the high-gain first-stage amplifier cir-
cuits, metal film one percent resistors were used to minimize
thermal noise and drift. In addition to their anti-aliasing
function, the low-pass filters at the outputs of the trans-
ducer amplifiers were used to eliminate high-frequency noise.

The cables between the circuit chassis and the transdu-
cers were twisted-pair conductors with braided metal shields.
The shields were not used as signal conductors or grounds.
They were isolated from system ground at the transducer end
and connected to it at the chassis end, inside the chassis.
When connected in this manner, the shields minimized noise
coupling into the signal conductors from both ground loops
and external electric fields.

The external +12V and -12V power supply inputs were
bypassed to system ground with several parallel capacitors
ranging from 10 microfarad electrolytic to .001 microfarad
ceramic, to attenuate power supply noise over a wide fre-

quency range. Within the system, separate heavily-bypassed

21




+5V and -5V power supplies were used for the digital and

analog systems to prevent TTL switching noise from coupling
into the analog elements.

In the digital portion of the instrument, a copper-clad
circuit board was used to provide a good ground plane, which
was connected to .the system ground at one point with a large,
flat conductor. Flat metali strips were used as digital power
buses to provide maximum capacitive coupling to the ground
plane, and hence minimum characteristic impedance Z, =yL/C.
These buses were also bypassed to ground with large capacitors.
The power leads of the TTL chips were all bypassed to ground
with .015 microfarad capacitors to provide current for

switching. Each TTL chip was connected to a power bus

®
through its own unshared conductor.




III. TRANSDUCER AND ANALOG SYSTEMS

A. THRUST TRANSDUCER DESIGN
The key step in the design of this instrument system was
the selection of a technique for converting rocket engine
thrust to an electrical signal. Each of the many types of
device that are used as force-to-signal transducers has dif-
ferent requirements for output processing circuitry, so the
design of this circuitry must await selection of the trans-
ducer. The transducer for this system had to meet the
following requirements:
1) sufficient output to permit the .04 N minimum detectable
thrust element to be converted to one bit in a 12-bit,
10-volt A/D conversion (2.44 millivolts) using an

amplifier gain of no more than 1000,

2) ability to survive a force of 260 Newtons in case of
an engine malfunction (explosion) during a test,

3) natural frequency of not less than 500 Hz with a
45-gram engine in place, to guarantee that transducer
frequency response effects would not obscure the per-
formance of engines under test,

4) ability to withstand prolonged exposure to corrosive
engine exhaust gases;

5) low power consumption and minimum cost.

Although a wide variety of techniques are available for
force transduction, relatively few of them could meet the
frequency response and dynamic range requirements of this
system. The high cost of suitable commercially-available

units made it desirable to use a transducer that could be

23




built locally. Most such transducers contain a mechanical
element which is deflected by the force, with this displace-
ment leading to a change in the resistance, capacitance, or
inductance of some attached device or to the deflection of
a light beam. Of these techniques, strain gauges (which
change resistance) are the least complex and the cheapest.
It was decided to try these first.

Many commercial and laboratory force-sensing systems are
based on strain gauges, so the techniques for their use are
well developed. These gauges are extremely thin grids of
copper or constantan which are adhesively bonded to a sur-
face. As the surface deforms under the application of a
stress, the gauge metal deforms and changes resistance. The
fractional change in resistance, and hence in the output, is
proportional to the mechanical strain, AR/R = ge, where g
is the gauge factor of the strain gauge (usually approxi-
mately 2.1) and € is the fractional elongation of the
material, or the strain, € = Al/l. As long as the thermal
expansion coefficient of the gauge material is matched to
that of the surface to which it is applied, thermal gradients
will have little effect on gauge accuracy. By arranging two
or four gauges on the test item so that equal numbers are in
tension and compression, and by wiring them in a Wheatstone
bridge arrangement, the electrical output of the gauges is
maximized and thermal expansion errors are further reduced.

This is discussed in detail in Ref. 2.




The mechanical element to which the gauges are bonded
totally determines the linearity, magnitude, and frequency
response of their output. The shapes that can be used for
this element include rings, tubes, rods, octagons, and can-
tilevers. The rectangular cross-section cantilever is the
easiest to analyze and fabricate, so it was the first choice.
Cantilevers may be rigidly supported either on just one end
(clamped-free) or on both (clamped-clamped). Both types
were examined, and the clamped-clamped design was chosen
because it had a higher natural frequency for a given level
of strain output.

The equation for the stress in a cantilever as a function
of its dimensions and material properties and the force F
applied at its center was obtained from Ref. 3. Of partic-
ular importance is the linear relationship between input

(force) and output.

The dimensions 1, b, and h are illustrated in Figure 3.
Equations were also required which predicted the natural
frequency of the beam, since this was a major design param-
eter. These are given in handbooks such as Ref. 3 only for
beams without attached masses, whereas the transducer beam
had an engine holder and engine in its center. An approx-
imate solution was developed from the known no-mass natural

frequency formula and from the general principle that
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natural frequency is related to a beam's distributed

mass m, and spring constant K by:

3
w =y R , M =pbh1’ K=l_6__E_3.b_h.
no S b 1
b

where a is a constant. The exact equation for the funda-
mental frequency of an unloaded clamped-clamped cantilever
was obtained from Ref. 3 as:

= 127.6h V'E
n 12 9)

€

All units are pounds and inches. E is Young's modulus for
the material used and p is its density.

These equations were set equal, and the value of a was
found to be a = .0009827. It was then assumed that when a
point mass m. was added at the center of the beam, the

natural frequency would become:

By examining the equations for stress and natural
frequency together, it is apparent that tradeoffs are
required in getting both the desired strain ¢ = ¢/E ana
natural frequency w}l. Increasing Young's modulus by choice
of the beam material will increase wul and reduce €. In-
creasing beam length 1 will increase € but sharply reduce

“31' Increasing beam thickness h will increase w'n but




sharply reduce €. Increasing beam width b will reduce € and
not affect w;l. In general, high strain € means low natural
frequency w&x‘

Clearly, a minimum width and length beam was desired.
However, enough width had to be provided to permit strong
bolt attachment to supports at the ends. Also, enough length
had to be allowed for development of a reasonable strain at
the strain gauges, whose centers could be no closer than
about 0.25" to the ends of the beam. A width b = 0.5" and
a length 1 = 4.5" were selected un this basis. Using four

strain gauges in a Wheatstone bridge with two in tension and

two in compression, the output is:

- B

In order to avoid excessive current drain and reduced gauge

AV _ AR

tmQ

lifetime from heating, it was decided to limit the DC bias
voltage applied to the bridge to VO = 12V. Assuming that

an amplifier with gain G = 1000 was to be used on the bridge
output, values of thickness h were found for various materials
which gave the design condition of GAV = 2.44 millivolts for

F = 0.04N = 0.009 pounds.

3FV.Ggl

0°8% _ 1530.9
4Ebh? Eh?

AV = = ,00244

Only standard thicknesses (1/8'", 3/16", etc.) were considered.

Each design was then checked to ensure that the stress was
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below the yield stress of the material for F = 260N, and the
natural frequency was calculated for a mass m. = 60 grams at
the center of the beam. The results are summarized in

Table II.

TABLE II
CHARACTERISTICS OF TRANSDUCER BEAMS WITH CENTER MASS

Material Yield Stress E P 3 Thickness Frequency
psi psi 1b/in in Hz
Aluminum (7075-T6) 67,000 10.4x 106 .101 .1875 630
.250 953
Steel (Cl1020) 48,000 30.0x1.06 .272 .125 559
Magnesium (AZ31B) 24,000 6.5x 106 .064 .250 773
Titanium (Alloy 16) 160,000 16.8x 106 .164 .1875 775

Although magnesium and titanium beams both were highly
desirable because of their natural frequency, it was impos-
sible to obtain a supply of either material. The final
design used 0.1875" thick 7075-T6 aluminum, this thickness
being chosen rather than 0.25" despite its lower natural
frequency to ensure adequate sensitivity. The construction
of the transducer is shown in Figure 3. Four Micro-
Measurements EA-13-125BB constantan foil strain gauges were
used, one on each side of the beam at each end, as close as
possible to the clamping points to maximize the strain they
saw. The beam could withstand an applied force of 1500 N

(350 pounds) before yielding.
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After the beam was built, a 48-gram mass was placed in
the 12-gram engine holder to give m. = 60 grams, and the
holder was tapped with a hammer. The output (after ampli-
fication) was observed on an oscilloscope to measure the
natural frequency, which is approximately the frequency of
the oscillatory response to this "impulse' input. This
frequency was 526 Hz, or 83% of the predicted 630 Hz.

As a final test of the beam transducer, it was loaded
with varying amounts of calibration weights (up to 18 pounds)
and its amplified DC voltage output was measured for each
weight. This output was exactly linearly related to the

input force.

B. AMPLIFIER AND FILTER DESIGN

The output signal from the transducer strain gauge
bridge was a very small voltage--on the order of microvolts
normally--superimposed on a 6 VDC common-mode voltage. The
analog-to-digital conversion system could handle inputs over
the range of -5V to +5V, so to take full advantage of its
accuracy considerable amplification of the differential out-
put across the bridge was necessary. The literature on
instrumentation-type DC amplifiers [Refs. 4-6] recommends
that gains of greater than 1000 be avoided, if possible.
Since maximum gain was desirable to permit a high transducer !
natural frequency, the design problem was reduced to finding

the most cost-effective 1000-gain DC amplifier.
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i There are many figures of merit used to judge the per-

iaxtria

formance of an instrumentation-type amplifier. In this
relatively high-gain, low-frequency application, the impor-
] tant ones were the following:

1) input impedance (zin)

2) input noise voltage

3) common-mode rejection ratio (CMRR)

4) input offset voltage (Vos)
4 5) input offset current (i )

6) input offset current and voltage thermal drift.

High input impedance was desired to minimize the current
drawn by the amplifier from the transducer. This current
could induce an error voltage in the resistance of the strain
gauges. Input noise voltage is amplified by the gain of the
amplifier and appears at the output, where no more than 0.6
millivolts (RMS) of noise could be tolerated. Assuming that é

the output was to be limited to a noise bandwidth of 250 Hz,

then: ?
Vo out(RMS) = YGain » Bandwidth - Gn =
Vhein YGain - BW
0.0006 = V__. v1000~ 250
Vo in & 1.2 uV/VHz

Here Gn is input noise power spectral density. The maximum

acceptable noise input voltage was 1.2 microvolts per vYHz . {
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Input offset voltage is the difference between inverting
and non-inverting input voltages seen by the amplifier in-
ternally when both input terminals are grounded. When mul-
tiplied by the gain, it appears as an output DC voltage
offset. In order to avoid large output offsets, it was
desired that this input offset be no more than two milli-
volts. More important than the absolute value of this voltage
was its variation with temperature. The lowest possible var-
iation was desired, to avoid large drifts in output resulting
from small short-term fluctuations in temperature inside the
instrument circuit. Input offset current, when multiplied
by the equivalent DC resistance of the circuit's inverting
input and by the gain [Ref. 4], becomes an output offset
voltage, so a minimum value and drift of this quantity was
also desirable. As discussed in the calculations for noise
input voltage, a gain-bandwidth product of at least 250,000
was required from the amplifier. Since an output voltage
range of ten volts was needed, the slew rate S had to be

[Ref. 4]:

S >2m Vout Fmax = ,016 volt/usec

A high common-mode rejection ratio was desirable to minimize
the effects on the amplifier of fluctuations in the DC offset
of the transducer output.

Once the figures of merit for selection were established,
manufacturers' data was consulted to find devices which met

the performance requirements. Those which did so fell into
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three categories: operational amplifiers with FET inputs;
op amps with supergain bipolar transistor inputs; and mono-
lithic instrumentation amplifiers. An amplifier system made
from discrete op amps requires three of these devices, while
monolithic amplifiers do the same job with a single (more
expensive) chip.

Most of the acceptable op amps and amplifiers were
extremely expensive and had long delivery times. On the
basis of cost alone, the field was quickly narrowed to the
National LM308A bipolar op amp ($1.25) and the Analog Devices
ADS521J monolithic amplifier ($13.). Performance figures for
these two devices are summarized in Table III. The LM308A
was selected because of its superior noise and offset voltage
performance and because it gave a lower system parts cost,
even though three chips plus ten resistors and capacitors
were required for this approach compared to one chip and two

resistors for the ADS521J.

TABLE III
AMPLIFIER PERFORMANCE FOR GAIN OF 1000

V.. Drift OMRR

. Z; Output Noise Bandwidth V
Device M}? mv Hz 83 oﬁV/°C dB
LM308A 40 .02 600 0.73 2.0 110
ADS21J 3000 1.20 6000 2.00 7.0 110
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Once the device to be ﬁsed was selected, design of the
amplifier circuit was straightforward. A standard op amp
circuit was selected from Ref. 5 and the appropriate values
j . of resistances were calculated to deliver the required gain.
The circuit is shown in Figure 7, Appendix A. This design
had the advantage that its input impedance was virtually
infinite. Since the inverting and non-inverting inputs go
to separate op amps, Zin is twice the impedance from one
input to system ground. The circuit amplifies only differ-
ential input voltages, Vl- VZ’ not any common-mode voltage.
The gain equation is:

A, = VlV_LVZ= o Hhed

It was known that a low-pass filter with DC gain of 2.57
would be used on the output, so the instrumentation amplifier
gain needed was 1000/2.57 = 389. Because of the limited
i selection of resistance values available, a theoretical gain
| of 40Z had to be used in the final design. Metal film 1%
resistors with relatively low values of resistance were used
for noise minimization, accuracy, and thermal stability.

The amplifier circuit was followed by a four-pole,
200-Hz Butterworth low-pass filter, which provided anti-
aliasing for the 500 Hz A/D conversion sampling and attenu-
ation of higher-frequency noise. This filter was designed,

using the techniques described in Ref. 7, as a cascaded pair
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of two-pole active filters. The design DC gains of the two
filter stages were 2.235 and 1.152. The filter was made
using LM308 op amps, a less expensive version of the LM308A
with higher voltage and current offsets. Carbon resistors
were used. The precision components used in the instrumen-
tation amplifier were not necessary here because of the low
gain and high input voltage levels involved. Based cn the
measured values of the resistors actually used in this filter,
its expected gain was 2.535, giving an overall DC gain for
the amplifier system of 1019. The low-pass filter is also
illustrated in Figure 7 of Appendix A.

Once the amplifier and filter were built, the system's
gain and frequency response were measured by applying a
variable frequency sinusoidal signal to the input through a
200:1 voltage divider and measuring the signal and output
voltages with an AC voltmeter. An overall gain of 992 was
measured, and the 6 dB rolloff point of the four-pole filter
was 205 Hz. The strain gauge bridge was then connected
through the shielded cable system, and a true-RMS voltmeter
was used to measure the noise output voltage after the fil-
ter. This was 0.6 millivolt. All values were quite close

to the desired performance.

C. TEMPERATURE TRANSDUCER DESIGN
The requirement of measuring the surface temperature of
a rocket engine casing to an accuracy of 3°C over the range

25-250°C demanded a second transducer system. There are
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only two reasonably simple and accurate techniques for con-
verting a surface temperature to a voltage signal: resist-

ance thermometers (thermistors) and thermocouples. The

procedures for using both are highly developed and their

errors are well understood. Reference 8 contains a great
deal of data on surface thermometry and was used extemnsively
in the development of this transducer.

Most types of thermocouples and thermistors have outputs
(voltages or fractional change in resistance, respec¢tively)
which are not linearly related to temperature, except over
fairly narrow ranges. This makes their implementation in an
accurate, wide-range digital system fairly difficult; the
conversion from transducer signal to displayed temperature
requires some sort of table look-up or a nonlinear conversion

equation. The primary selection criterion for this trans-

ducer was linearity of output over a wide temperature range.
All types of thermistors and thermocouples require analog
processing circuitry of roughly equal complexity, and their

accuracy and response times depend more on their size and

e

the technique of installation than on inherent properties,
so these factors were not considered in the selection.

The data for numerous commercial thermistors and the
standard voltage-vs.-junction temperature tables [Ref. 9] i
for the popular combinations of thermocouple metals were i
examined for linearity over the desired temperature range.

0f these, the chromel-alumel thermocouple was by far the
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most nearly linear. It produces an average output of
40.725 uV/°C over the range 25-250°C, with a maximum devia-
tion from linearity of 31.0 uV at 120?C. Thus, by assuming
that its output and input were linearly related, a maximum
error of less than one degree was introduced.

Since it was desired to make the A/D conversion of

temperature nine bits with respect to a 10 V output range,
the least significant bit (corresponding to one degree C)

was 10/2° = 19.531 millivolts. This meant that the thermo-
couple output signal had to be amplified by 19.531 x 10'3/

40.725 x 10”9

= 479.6 before conversion. An op amp amplifier
system identical in design to that on the thrust transducer
was used, with a two-pole low-pass Butterworth filter. Since
temperature was to be sampled only one time, anti-aliasing

was not a major concern; the principal purpose of the filter

was noise reduction and a less expensive one with only two

poles was acceptable. The DC gain of a two-pole Butterworth
filter is 1.586, so the design gain of the amplifier was
479.6/1.586 = 302.4.

The amplifier/filter circuit is shown in Appendix A,

Figure 8. Once it was built, its gain was tested in the same
manner as described for the thrust amplifier. A trimming

potentiometer was placed in parallel with one of the filter

resistors so that overall gain could be adjusted to achieve i
exactly the required value of 479.6. This was necessary to

achieve the desired temperature accuracy. Once this was
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done, the output noise after the filter was measured with
the thermocouple and cabling connected, using a true-RMS
voltmeter. The maximum acceptance noise was 4.8 millivolts;
the measured value was 0.3 millivolts.

Thermocouples work on the principle that a junction be-
tween dissimilar metals produces a contact voltage which is
related to temperature. This occurs at every such junction
in a thermocouple system, not just at the sensor junction.
Figure 4 shows the connection of a general thermocouple
circuit. Each junction may be modeled as a voltage source
whose value depends on the materials involved and on the
temperature. If intermediate junctions I3 and J, between
the thermocouple wires and the copper conductors of the
amplifier system are at the same temperature, thea their
voltages cancel. If reference junction J2 is not explicitly
provided, then since J3 and J4 are invisible a virtual refer-
ence junction between materials A and B will exist at the
amplifier leads, at their unknown temperature.

The input to the amplifier is proportional to the dif-
ference in temperature between sensor and reference junctions,

not to the sensor temperature alone., Clearly, the reference

Mjunction temperature must be known very accurately. This is

usually achieved by immersing it in an ice bath, but this
was considered impractical for a field-portable system. An
alternate solution is to add a system fo the circuit which
changes output voltage with temperature at exactly the same

rate as the reference junction, but in the opposite direction

38



V,,.~ K(EL-E2-E3+EY4)

Figure 4.

+ -
J3,73 T, TH
/‘-‘\\ /’-\\\
L,'s" o= C c _L"’_..'*‘ :
\ E3 \ E%
A /’ \ /
Se - S

General thermocouple circuit characteristics.




so that the sum of the two voltages is a constant as ambient

temperature varies. This technique was chosen, with the
compensation being placed after the amplifier.

The compensation system used was a Yellow Springs Instru-
ment Co. YSI 44202 precision thermistor network, whose output

voltage was:

\'f = (0.805858 Vin - 0.0056846 Vin T

out n T
where TT is the thermistor temperature. The amplified output

of the thermocouple was:

Vout = 0.019531 Tg - 0.019531 T

R
where Ts is the sensor thermocouple temperature and TR is
the reference thermocouple temperature.

The thermistor network was connected to a Vin = +5 VDC
power supply, and was combined with the thermocouple system
output and with a DC source in an op amp summing network.

By appropriate choice of the fixed scaling resistors in this

summer, these three signals were made to produce the sum:

V' = -0.01953 T

out s * 0.01953 Tp - 0.01953 T

T

The reference thermocouple and the thermistor were then
placed close together in a remote section of the circuit
chassis so that TT = TR’ leaving the output voltage directly
proportional to the sensor thermocouple temperature. This
circuit was checked by immersing the sensor in an ice bath
(0°C) and adjusting a trimmer potentiometer on the fixed

input to the summer until the output was -0.40 V. The sensor
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was then immersed in boiling water (100°C). The output was

-2.35 V, as predicted. The response was quite rapid.

A non-inverting negative peak detector circuit [described
in Ref. 4] was placed at the output of the summer to catch
and hold the most negative output value, corresponding to
the highest temperature. After some experimentation, it was
found that a 25 uF holding capacitor was required in this
circuit to minimize the voltage droop from leakage through
the op amp circuit during a 7S5-second hold time. For most
rocket engines, the maximum casing temperature is not reached
until 60 to 70 seconds after the start of a test and in these
normal cases voltage droop during the remaining 5 to 15 sec-
onds of the holding period was negligible with this capacitor.
The compensation system and peak detector are shown in
Appendix A, Figure 9.

Following the guidelines in Ref. 8 for minimizing the
error in surface temperature measurement, the thermocouple
sensor was made from small-diameter (28 AWG) wire. The
chromel and alumel wires were soldered close together and
parallel for more than 100 wire diameters on a very thin
piece of brass shim stock 0.25" square. This piece was
formed to the shape of the engine casing surface with the
wires paralleling what were estimated to be isotherms, and
was covered with insulation before being taped tightly to
the surface in a test. No measurements of error were con-

ducted, but despite the care taken in the design an error
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of two degrees was the minimum that was expected. This was

in addition to the one degree error from A/D conversion.
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IV. DIGITAL SYSTEM HARDWARE

A. INTERFACE CIRCUITRY

The signals developed by the thrust and temperature
transducers and theif associated amplifier, filter, and
compensation systems were analog voltages with well-deter-
mined characteristics. The primary processing and decision-
making done by this instrument was done with digital logic
on the digital representation of these signals. A sample-
and-hold circuit, a digital-to-analog converter, and a group
of comparators, collectively referred to here as the inter-
face circuitry, was used to link the analog and digital
systems. Reference 10 was particularly helpful in designing
this circuitry.

There were two independent transducer analog signals in
this system that required analog-to-digital conversion.
These conversions did not have to be simultaneous, and could
have been done with two independent A/D converters, with one
converter using multiplexed analog inputs, or with one con-
verter using multiple inputs and outputs. The use of multiple
A/D converters or even single monolithic A/D converters was
rejected on the basis of parts cost. Multiplexing analog
signals to the accuracy required by this system is quite
difficult and was not considered desirable. Once the deci-

sion was made to use surplus microprocessor computing capacity
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to perform A/D conversion with a D/A converter, it became
possible to use the last method and put together a conversion
system with multiple independent inputs and nonsimultaneous
outputs.

The first step in designing the conversion system was
selection of a D/A converter. Since only one converter was
to be used for both transducers, the specifications were j
determined by the more demanding application, the thrust
conversion. In this case, 12 bits of resolution with 11.7
bits of accuracy were required. This conversion could have J
taken as long as one millisecond or so; some part of the
two-millisecond interval between conversions (500 Hz sampling

rate) had to be left for the microprocessor to do other com-

putation. With this amount of time available, the settling

time of the D/A converter was not important. The accuracy
requirement meant that the analog output of the converter
could not deviate from a straight line between its minimum
and maximum values by more than 30 percent of the least sig-

nificant bit voltage, or 0.73 mV. This is called "0.3 LSB

linearity."

The combination of 0.3 LSB linearity and operability

from 12 V power supplies proved to be impossible to find
among reasonably-priced 12-bit D/A converters. The linearity
requirement was felaxed to 0.5 LSB, making one converter
acceptable: the Rurr-Brown DAC-80Z-CBI-V. This device had

the additional advantages of being a monotonic converter
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rather than a multiplying type, meaning that it did not

require an external precision referénce voltage, and of
being a voltage rather than current output device, meaning
that no external buffer op amps were required on its output.
It used complementary binary input, with an all "0" digital
input giving the most positive analog output and an all "1"
input the most negative output. The converter could be con-
nected to produce a variety of voltage output ranges; -5V
to + SV was the one used. Gain and offset trimiing poten-
tiometers were required to obtain exactly the correct output
voltage range. The settling time was three microseconds.
The A/D conversion technique employed was successive
approximation. This is commonly implemented in hardware in
fast A/D converter chips, but it is quite susceptible to
slower software implementation as well. Basically, the
microprocessor was used to generate a 12-bit test digital
value which was then sent to the DAC. The resulting analog
output from the DAC was sent to one input of an analog com-
parator while the signal voltage being converted was held
at the other input. The microprocessor then sampled the
output of the comparator and modified the test value accord-
ing to whether the output was a digital "1" or a digital
"0", i.e., whether the test value was greater than the signal
or less. The program to do this is described in Chapter V.
Twelve such successive tests are needed to perform a 12-bit

conversion, requiring about 700 microseconds with the program

used in this system.




Multiple independent outputs were obtained by sending
the DAC output voltage in parallel to several comparators,
with the second inputs to each comparator going to different
analog signals. The microprocessor selected the output of

one comparator for monitoring at the beginning of each con-

version by sending the appropriate digital select code to a
gated R-S flip-flop. The R output of this flip-flop caused
the thrust comparator output to be transmitted through an
; AND-OR-INVERT circuit to the microprocessor input port, and
| blocked the temperature comparator output. The S output did

the reverse.

The accuracy of the A/D conversion scheme was measured
by applying DC voltages to a comparator input and recording
the digital output of the system, then converting this digital
value back to its analog equivalent. The difference between
the actual voltage and its analog equivalent was the error.
Over the full + 5V range of inputs, the standard deviation
of error was 5 mV. This corresponds to 11 bits of actual
delivered accuracy. While less than the desired 11.7 bits,
this was considered still acceptable. The basic reason for
this inaccuracy was the width of the comparators' switching

transition.

The comparators were LM308 op amps operated open-loop

and connected to + 5V power supplies. These devices have
an open-loop gain of 3 x 10°. This means that their output
voltage is greater than the difference between their invert- !

b ing and non-inverting input voltages by this factor, up to
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the limiting point where the output equals a power supply
voltage. The output will thus swing over its full range of

ten volts in response to a change of 10/3 x 10°

= 0.33 mV in
the differential input voltage. Since these comparators were
connected to TTL-compatible circuitry, a feedback diode was
added to limit the negative output to -0.3 V. The slope of
this diode's forward-bias characteristic caused a broadening
of the comparator's transition region between output levels.
These comparators were connected with the non-inverting input
grounded through a resistor and the inverting input connected
to the two voltages being compared through identical resistors.
This is equivalent to connecting each input to one of the
voltages, and it eliminates the error effects of offset cur-
rents, as discussed in Ref. 4. The switching time of the
comparator was about ten microseconds.

Successive approximation A/D conversion is extremely
dependent on having the voltage under conversion held con-
stant to within one or two LSB throughout the process. If
this is not done, gross errors may result. This was not a
problem with the slowly-changing peak detector output from
the temperature transducer, but the thrust transducer voltage
could change so rapidly that a sample-and-hold circuit was
necessary between it and the A/D conversion system. What
was required was a sample-and-hold having less than one LSB
(2.44 mV) droop during the two -millisecond interval between

thrust voltage samples, and hav1ng acquisition and settling

times of a few microseconds or less. A Datel SHM-LM-2 was
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available and met all of these requirements, so it was used.
With a 1000 pF holding capacitor, this device had an acqui-
sition time of six microseconds (to 0.01%), a settling time
of 0.8 microseconds, and a droop of 0.1 mV in 2 milliseconds.
A polystyrene holding capacitor was used to minimize errors
due to dielectric absorption.

The interface circuitry is illustrated in,Appendix A,

Figure 10.

B. MICROPROCESSOR AND MEMORY SYSTEMS

The key elements of the digital portion of this system
were the Motorola 6802 microprocessor and the MOS Technology
6530-002 input/output/timer chip. The remaining major ele-
ments of the digital system provided either memory or input/
output support for these two devices.

The 6802 is an eight-bit microprocessor with an address
space of 64K bytes (16 address lines), an on-chip RAM memory
of 128 bytes, and an on-chip clock oscillator which permits
clock rates of up to one megahertz, depending on the value
of an external crystal. It has the same instruction set as
the Motorola 6800 and is almost pin-for-pin compatible with
it. It requires only a +5V power supply. The microprocessor
and its supporting circuitry is shown in Appendix A, Figure
11.

Proper operation of the 6802 was found to depend on close
adherence to the correct power-up sequence. The RESET input

had to be held below 0.8 V for at least 20 milliseconds after
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the chip's V . power supply went above 4.75V, and then had
to transition sharply and without oscillation to +5V. This
was accomplished with a comparator circuit identical to those
described in the previous section of this chapter. A constant
-2.5V was obtained from a resistive voltage divider connected
to the analog circuit - 5V supply and applied to one compar-
ator input, while the second input was obtained from a series
RC circuit connected between the digital + SV supply and
ground. This circuit took 30 milliseconds to charge to +2.5V
after digital power was turned on, at which point the compar-
ator output went high, setting the 6802 RESET.

The 6530 is a multipurpose microprocessor support chip.
It has 64 bytes of RAM and 1024 bytes of mask-programmed ROM
(neither of which were used in this system), and a program-
mable timer. It also has 16 input/output ports, arranged in
two groups of eight called peripheral registers A and B (PA
and PB). Each individual port of each register may be set
up as a direct input or as a latched output by writing a "@"
or a "1", respectively, to the corresponding bit of two reg-
isters called data direction registers A and B (PAD and PBD).
Each of these four registers has a unique address derived
from the chip's ten address lines and two chip select lines.
Three of the I/0 ports (PB5-7) were used as chip selects or
as interrupt outputs, leaving 13 ports available for this
system.

The 6530's timer is a series of eight registers located

at adjacent addresses. The timer counts down for a number

49




of clock cycles equal to 1, 8, 64, or 1024 times the 8-bit
value loaded in the appropriate register, and can generate
an interrupt on the IRQ pin (PB7) when the count reaches
zero. It was used in this system to provide a master event-
timing reference by generating a non-maskable interrupt (NMI)
to the microprocessor every two milliseconds. This 6530 IRQ
pin was connected to the NMI input of the 6802 through a
one-shot set to provide a five-microsecond low pulse. Con-
siderable difficulty was experienced when interrupts were
applied to the microprocessor directly rather than through
a short-pulse one-shot. The 6802 would often execute the
register-stacking operations of its built-in interrupt service
routine, reach the first step of the software interrupt serv-
ice program and then repeat the register stacking if the
interrupt was still set. If the interrupt source was a type
that remained set until cleared by a command in the service
program, the 6802 remained locked in this cycle indefinitely.

The 6802 and 6530 are designed to drive a maximum of one
TTL unit load on each pin. Those 6530 I/0 pins which were
used for output, and several of the 6802 address and control
signal pins, had to be connected to larger loads than this.
These pins were buffered with 74LS367 non-inverting buffers
to increase their drive capacity to five unit loads.

The program memory for this system was quite simple.
The 128 bytes of RAM which were built into the 6802 were
used for stack and for program working storage. This RAM was

located on '"'page zero" of the microprocessor's address space,
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at addresses 0000-007F. The overall map for all of this
system's memory, and for the various memory-mapped I/0 and
timer registers, is presented in Table IV. The operating
program was stored in two 2708 UV-erasible programmable
read-only memory (EPROM) chips, each having a capacity of
1024 8-bit bytes. These were wired to be at the top of the

address space, at F800-FFFF. Their requirement for +12V,

+5V, and -5V power supplies was not a problem since these

voltages were already required by several other circuit ele-
ments. The memory circuit for this system is illustrated in

Appendix A, Figure 12.

TABLE IV
SYSTEM MEMORY MAP

Address Chip Function

START END

0000 004F 6802 RAM; working memory

0050 007F 6802 RAM; stack

1340 6530 Peripheral register A; output
1341 6530 Data direction register A
1342 6530 Peripheral register B; input
1343 6530 Data direction register B
1344 134F 6530 Timer registers

13Co 13FF 6530 RAM; not used

2000 SFFF 2117 Dynamic RAM; data storage
F800 FBFF 2708 . EPROM-1; program storage
FCO00 FFFF 2708 EPROM-2; program storage
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The original design of this instrument included a require-
ment that all of the thrust A/D conversion output data be
stored in memory. This data was to be used in several ways.
The first was to compute corrections to the thrust and total
imbulse data to account for the effects of engine propellant
weight loss during a test. When the thrust transducer is
placed flat, engine weight and thrust act in the same direc-
tion and are indistinguishable. The weight loss during a
test can be as great as 0.6 Newton for large engines, and
this can integrate to a substantial but predictable total
impulse error. The error can be reduced by placing the
transducer on its side, so that the weight and thrust vectors
are perpendicular and the weight loss changes only a torsional
force, to which the strain gauge bridge is insensitive. A
more flexible approach, and the one which was desired, is to
measure the amount of weight loss by comparing the transducer
zero outputs before and after a test. Using this, a linearly-
varying correction (zero for initial thrust, maximum for
final thrust) can be applied to each stored data point and
the total impulse and peak thrust can be recalculated from
the corrected data.

Other plans for the stored thrust data included using it

to generate a video output of thrust versus time on either

an oscilloscope or a television-type display, or both. None

of these uses for the data 'ere implemented by the time that

this report was written, although all were still under

.

development. Storage of thrust data was not necessary for
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performance of the other instrument functions described in
this report.

Since this system was required to take 500 samples of
thrust per second for up to 9.5 seconds, 4750 12-bit data
points had to be stored. The reasons for using dynamic
rather than static memory for this were discussed previously.
The most economical dynamic RAM available was the Intel 2117
16K x 1 chip. Since the thrust data was already available
in four-bit words as a result of the A/D conversion process,
it was decided to use four of these chips to form a 16K x 4
memory. Accomplishing the required data storage used
3 x 4750 = 14,250 bytes of this.

Dynamic memory requires periodic refreshing to maintain
its data. The 2117 chip is described in Ref. 11 as being
arranged internally in a 128 x 128 array, and a refresh oper-
ation requires only that each of the 128 row addresses be
written to every two milliseconds. The chip is a 16-pin
package with nonly seven address input lines. These are mul-
tiplexed, serving as row address inputs during the first part
of a read or write cycle and as column address inputs during
the second part, giving effectively the 14 address lines
required by a 16K memory. The refresh control and the address
multiplexing was accomplished with a single dynamic RAM
control chip, the Intel 3242. This took in 14 address 1lines,
a clock, and a refresh enable line, and provided all the
necessary address data to the 2117 chips for both refresh

and normal read-write operations.
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The 2117 required two timing inputs not provided by the
3242: row address strobe (RAS) and column address strobe
(CAS). These enabled the chip to distinguish whether its
address inputs were to be interpreted as row or column
addresses. Both must appear with the proper time relation-

ship during each read or write operation. They were derived

from 6802 address and clock outputs, and effectively served

R——

as chip selects since they were gated so that they reached
the memory chips only when the memory address was on the
address bus. The 2117 has separate data inputs and outputs,
and it was found that an extraneous signal appeared on the
output in response to an address input regardless of the
state of the WE read-write control. Consequently, the data
input and output could not simply be connected directly to
the system data bus; each had to be isolated by a tri-state
buffer which was enabled by WE (for input) or by WE comple-

mented (for output).

C. INPUT/OUTPUT CIRCUITRY

At an early stage of this system's design it was decided

to make every effort to squeeze the required input and output

(1/0) functions into the 13 ports available on a single 6530
chip. This decision was made to limit parts cost; it led to
software complexity and debugging problems that more than
offset the small savings in parts. The 13 I/0 ports were

allocated as follows:
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PB@ input from comparators

PB1-PBS input from 16-key keyboard
PA@-PA2 routing control for output data
PA3 sample-and-hold control

PA4-PA7 output data to DAC, LED, LCD

The input from the comparators, PB@, was simply wired to
the output of the comparator AND-OR-INVERT circuit discussed
in section A of this chapter. The PA3 output for sample-and-
hold control was wired directly to the appropriate pin on
the SHC chip. The remaining I/0 functions require more
explanation. The I/O circuit is shown in Appendix A, Figure
13. The IC numbers used hereafter refer to this drawing.

A 16-key unencoded, undebounced hex keyboard was used to
select among the various operating modes and output data
displays of this system. These keys were each SPST momentary
switches, with one side of each tied to +5V and the other to
one of the 16 inputs of a Harris HD-@§165 keyboard encoder.
Depressing a key pulled the corresponding encoder input high;
the required pull-up resistors were built into the encoder.
It also caused the encoder STROBE output to go low, setting
a flip-flop (IC34 ) which was connected through a one-shot
to the IRQ interrupt on the 6802 microprocessor. The 6802
looked at the keyboard output only in response to this inter-
rupt, and cleared the interrupt flip-flop as part of its

response. The four outputs of the encoder were held in latch

IC35, whose enable circuitry allowed it to reject keyboard




outputs resulting from the simultaneous depression of two
keys. This latch was reset only by the depression of a new
keyboard key. Key debouncing was accomplished with a soft-

ware wait loop.

Three single light-emitting diodes (LED) were used in
this instrument to indicate its present status, and a four-
digit liquid crystal display (LCD) was used to read out test
data. The LED's were labeled TEST, CLEAR, and CALIBRATED,
and their use is explained in the next chapter. They were
driven by three of the seven outputs of a standard common-
anode open-collector decoder-driver chip (IC32). The hex
inputs to the driver required to achieve each desired com-
bination of status lights are listed in Table V. These hex
inputs were held for the decoder by a four-bit latch (IC36)
which was reset only when a new sequence of status lights
was commanded by the microprocessor.

The output data from the system's software was routed
in four-bit words on I/0 lines PA4-PA7 to eight possible
destinations. These destinations were the four LCD digits,
the 12-bit (three-word) input to the D/A converter, and a
mixed destination which included a gated flip-flop for com-
parator selection and the LED decoder-driver. The selection
of which of these destinations was to receive the data was
made by output lines PA@-PA2, which were decoded into eight

lines by a three-to-eight line decoder (IC40) and were then

used as digit or chip selects or latch enables.




TABLE V
DECODING OF LED/COMPARATOR SELECT LINES

HEX Inputs LED Selected Comparator Selected
Test Clear Calibrated Thrust Temperature

1,3,7 off on off off off

2 on on off off off

4,9 off on on off off

5 off off on off off

6 on off on off off

8 on on on off off

A on off off off off

B off off off off off

C off on on off on

D off off on on off’

E on off on off on

F off off off on off

A Schottky TTL decoder was used to ensure that the enable/
select lines were stable before the data was sent to its
destination. The data and select outputs left peripheral
register A of the 6530 simultaneously, and the data lines
were delayed by two 74LS367 non-inverting buffers to avoid

a possible race condition. The decoding of lines PA@-PA2

is described in Tahle VI.




TABLE VI

DECODING OF DATA ROUTING CONTROL LINES

PA2 PAl Data Destination

g

low word of D/A converter
middle word of DAC

high word of DAC
LED/comparator select

LCD digit 2

LCD digit 1 (LSD)

LCD digit 4 (MSD)

= = = - 0 O O O
- 0O O = = O O
= o = O = O = O

LCD digit 3

The liquid crystal display was a Timex T1001A reflective
type with four 0.5" seven-segment characters. LCD's require
excitation of each segment and a common backplane with a
30-100 Hz square wave alternating between 0 and 5 volts. A
segment that is to be "on" is fed a signal 180° out of phase
with the backplane excitation, so that the net field across
it varies from +5V to -5V. An "off" segment is excited in
phase with the backplane. A Siliconix DF411 four-digit LCD
decoder-driver was used to provide the proper AC excitation
to the display. This chip had four BCD data input lines,
plus four digit-select inputs to select which of the four
internal seven-segment output latches were to receive the

decoded result of the input data.

The twelve bits of digital data required as an input by

the D/A converter were sent to the converter in three
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four-bit words because of the limited .number of I/0 ports

available. These words were held by three four-bit latches
(IC37-39), each of which was enabled separately by the
appropriate output of the enable decoder. This arrangement
saved using a second 6530 I/0 chip to provide the 12 bits

in parallel, but made the successive-approximation A/D. soft-

ware somewhat more complex.
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V. SYSTEM SOFTWARE

A. STRUCTURE AND GENERAL FEATURES
The software which this instrument used to perform its
basic functions, not including video displays or weight loss

corrections, required approximately 1450 bytes. It was

R T e 3 g, T

organized into a main operating program, seven subroutines,

two interrupt service routines, a power-up routine, and nine
minor programs. Each of these was written in the 6800 mne-

monic assembly language and was compiled and debugged separ-
ately on a Tektronix 8002 microprocessor development system

(MDS). Reference 12 was used extensively in developing the

software. A listing of the programs is provided at the end

of this report.

Each of the 16 keys on the input keyboard commanded the
instrument to take a particular action or display a particu-
lar piece of data, as shown in Table VII. Three of these
actions were not yet implemented at the time this report was
written. Of the remaining 13 keys, two called the main oper-
ating program (with different input data), one was a "stop"
key, one called the '"zero-memory" subroutine, and each of
the other nine called a different minor program. In general,
functions which were used in several different operating
modes of the system, such as averaging, A/D conversion, and
hex-to-BCD conversion, were implemented as subroutines.

Only one of these was used directly as a response to a
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key input. Key response was accomplished with individual
programs, some of which did little more than set up data for

a subroutine, then call it. These programs could actually be

thought of as subroutines themselves, since each ended with

an unconditional jump back to the keyboard input routine.

TABLE VII

FUNCTIONS OF INPUT KEYS
Programs Whose Names are in Parentheses not yet Written

j Key Program Called Function
0 KEYIN Stop program in progress and wait
1 OPER Start an engine test, no temperature
2 OPER Start test, measuring temperature
3 CALSET Set up for calibration
4 CALIB Accept calibration
5 DDTHST Display one thrust A/D output 1
6 DDTEMP Display one temperature A/D output
1 7 DTHST Display peak thrust to 0.1N
i 8 DIMP Display total impulse to 0.01N-sec
9 DBTIM Display burn time to 0.01 sec
A (DTV) Display thrust curve on TV
B DTEMP Display peak temperature to 1°C
i C (APCOR) Apply weight-loss correction
; D (DOSC) Display thrust curve on oscilloscope !
} E DDTIM Display delay time to 0.01 sec
’ F ZERO Clear all RAM
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When power is applied to a 6802 microprocessor and the
proper timing is followed on its RESET pin, the chip goes to
address locations FFFE and FFFF for its startup routine
vector. This vector is simply the address of the first step
of the power-up program routine. This routine, entitled
PWRUP in this system, must start with a CLI (clear interrupt
flag) command and should set the initial value of the stack
pointer. In this system, it also temporarily disabled timer
interrupts, set the data direction registers (PAD and PBD)
of the 6530 for input or output as appropriate, and cleared

all static and dynamic RAM. Dynamic memory requires an

initial clearing or refresh before it can be used after power

is first applied to it. The PWRUP routine turned on the
CLEAR LED as its last step (leaving the other LED's off),
indicating that the RAM was clear of all test data. The
system then entered a loop where it waited for a keyboard
input.

Depressing any key on the instrument keyboard caused an
IRQ interrupt to be sent to the 6802. In response, the 6802
went to addresses FFF8 - FFF9 and found the vector for the
IRQ service routine, which was entitled IRQRES. This rou-
tine began with a one-millisecond wait loop to give the key
switch "ringing" time to damp out. It then stored the four
6530 input bits PBl1 - PBS which contained the output from the
keyboard encoder in hemory location @@46. If the key input
was the stop command (key @) or the zero-memory command

(key F), the routine forced an immediate return to the KEYIN
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keyboard response routine to do this and terminated any other
action that the instrument had been doing. Otherwise, IRQRES
simply returned the system to whatever it was doing before
the interrupt, and the new mode action was not taken until
the next time the system returned normally to KEYIN.

The KEYIN routine used an action pointer table technique
[Ref. 12] to develop responses to the key input comrands.
This routine compared the contents of address 0046 (filled
by IRQRES) to those of address 0049, the last command exe-
cuted by the system. If they were the same, it did nothing.
This meant that in order to repeat a particular key action,
some other key (generally the '"stop" key, key @) had to be
used in between. If the two memory location contents were
different, indicating that an unexecuted command was pending,
then the key command (multiplied by 3) was used as an offset
for an indexed-address jump into an action pointer table
entitled VECTOR, which started at address FC@@. This table
contained unconditional jump instructions, directing the
system to the appropriate programs for response to each key.
For example, if key 5 was pressed, the system jumped to
address FCP@ + (3x5) = FCPF, where it found the command
JMP FBA@ telling it to jump unconditionally to FBA@, the
starting address of the program responding to that key.

The accuracy of the time-based measurements made by this
instrument (burn and delay times and total impulse) depended
on having an accurate timing reference available to trigger

an A/D conversion exactly every two milliseconds.
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The easiest way to do this was to use the 6530 programmable

timer to generate a non-maskable interrupt to the 6802 at
this interval. The NMI interrupt sent the 6802 to addresses

FFFC-FFFD, where it found the vector sending it to the re-
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sponse routine for this interrupt, NMIRES. This routine

began by reloading the counter so that another interrupt
would be generated in 2.00 milliseconds. It then enabled
the RAM refresh input to the 3242 dynamic RAM controller for
128 microseconds, giving it time to automatically generate
all the signals necessary for a refresh cycle. If a mode
was being executed which required A/D conversion (keys 1

$ through 6), the program jumped to the ADC12 A/D conversion
subroutine before returning from the interrupt. Otherwise
it returned from interrupt directly at this point.

Because this system had only 48 bytes of RAM available
for stack and these bytes were located just above important
program memory, considerable care was taken to ensure that
the stack did not overflow. The 6802 uses seven bytes of

stack in responding to an interrupt and three bytes to jump

to a subroutine, so this limited the depth to which sub-
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| routines could be nested, particularly in the interrupt
service routines. Several early versions of this system's
software overflowed the stack. Such overflows were not
possible with the final design.

Although many sections of this system's software were
debugged individually on the Tektronix MDS, several of the

major interactions between them were not. These interactions
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were the ones which depended on the occurrence of NMI timer

interrups and real-time thrust inputs. MDS emulation pro-
vides line-by-line traceouts of the status of every CPU
register as each program instruction is executed, but to
provide this and other valuable debugging services it must
slow the execution speed by a large factor. Interrupt in-
puts to the MDS are enabled for only a small fraction of
each instruction execution cycle, so the MDS seldom sees the
negative-going edge it requires to sense an NMI interrupt.
This meant that the real-time NMI-dependent processes of the
system could not be emulated. A vast amount of time was
required to debug these subroutines and interrupt interac-
tions using a Paratronics 532 Logic State Analyzer. This
device permitted real-time operation of the system with its
own CPU in place, rather than the emulator plug required by
the MDS, but it provided access only to the contents of the
external pins of the CPU (address and data bus) and not to
internal registers. It allowed no interaction for modifying
the contents of memory, and could provide only 256 clock

cycles of traceout at once.

B. SOFTWARE A/D CONVERSION

The hardware required to accomplish a 12-bit successive-
approximation A/D conversion using software and a D/A con-
verter has heen described previously. The function of the
software was to generate the proper 12 bits of data to send

to the converter, working with one four-bit word at a time
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while leaving the other eight bits unchanged. The software

also generated control signals for the sample-and-hold cir-

cuit and packed the A/D conversion output froﬁ the last four
bits of three separate bytes into one and a half consecutive
bytes.

All of the A/D software was contained in one subroutine
entitled ADC12, which occupied 131 bytes and required 715
microseconds to perform a conversion. This program operated
in straight binary, converting the digital test values to
the complementary binary required by the DAC before sending
them out, then changing the final result back to the straight
binary used in the rest of the system. ADC12 could be called
repeatedly only by the NMIRES interrupt response program, SO
the timer NMI interrupt had to be enabled by any program
which required more than one A/D conversion. These programs
generally used a WAI (wait for interrupt) command where the
A/D data was required so that their execution was stopped at
this point until the data was available from ADC12 after the
next timer interrupt.

The ADC12 subroutine began by sending a ''sample'" command
to the SHC for 14 microseconds, then a "hold" command. Next
it set the initial digital signal to the DAC to 0111ll1...,
corresponding to a 0.00V analog output since the DAC operated
over a -5V to +5V output range. It then entered a loop where
it worked on only one four-bit word (starting with the most

significant four bits), leaving the other two words set at
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their initial values. Straight binary will be used hereafter
i to describe the functioring of this program.

The ADC12 program set the initial value of the current
four-bit test word to 1000, and set a rotating-bit word to
0100. It sent the initial test word to the appropriate
latched DAC input by adding the necessary final three bits
(PA2 - PA@) to enable the proper latch. After 45 microseconds
of executing other instructions, it examined the output of
whichever comparator had been enabled by the program which
had called ADC12. An output of "1" indicated that the DAC

analog output was less than the signal being converted. In

this case, the rotating bit was ORed to the test word, in-

creasing its analog equivalent voltage. If the comparator

output was "@'", the rotating bit was subtracted from the test

word instead. In either case, the rotating bit was then

shifted one position to the right and another conversion
cycle was started. After every fourth cycle, a new word was E'
begun.

The branches possible in a four-bit straight binary
successive-approximation A/D conversion are illustrated in

Figure 5.

C. MAIN OPERATING PROGRAM

The main operating program of this instrument, entitled
OPER, was the program used during an engine static test.
Its function was to recognize the occurrence of such events

as start of thrust, thrust termination, and gas-generation
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Figure 5.
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0001 0001

oo1o<::::::: 0010
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0100 0100
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1000

100141001
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1100 1100
1101¢::1::::1101

111o<:::::i 1110
1111441:::i:1111

Four-bit straight-binary successive approximation
A/D conversion. Upper branches taken when

comparator output is 0.




charge actuation regardless of the shape of the input thrust
variation. It computed the value of burn and delay times
and peak thrust and added thrust outputs to accumulate total
impulse, all based strictly upon the input values it received
every two milliseconds from the ADC12 subroutine. Depending
on whether it was called by depressing input key 1 or key 2,
it either ignored the temperature peak detector or accepted
its output once at the end of a test, respectively. This
program was 365 bytes in length. 1Its operating time varied
widely during the course of a single engine test because of
its numerous conditional branching instructions, but it was
always short enough that its operation (including an A/D
conversion) was completed in the two-millisecond interval
between NMI timer interrupts.

The flow diagram for OPER is shown in Figure 6. The
first action of the program was to check memory location
@P4E tc see if a calibration had been performed since the
system had been turned on. A calibration, which used the
CALSET and CALIB routines described in the next section of
this chapter, caused a flag value to be placed in this
memory location. Only if a calibration had been performed
would the program permit initiation of a test. It indicated
that a test was in progress by turning off the CLEAR LED and
turning on the TEST LED. It then enabled the thrust compar-
ator for the A/D conversion, and averaged the result of
eight conversions to obtain a value of thrust transducer

output corresponding to zero thrust input. This feature
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Figure 6. Flowchart of main operating program.
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eliminated the need to carefully trim the transducer analog
output to -5.000V before each test, since throughout the
rest of the program this zero value was subtracted from the
A/D output to obtain the actual net thrust.

After the preliminary preparations for a test were com-
pleted, the OPER routine waited for a thrust input of 0.50N
or greater lasting at least three timer periods (0.006 sec-
onds) before it decided that a valid test had begun. Setting
a threshold in this manner prevented a single large noise
spike before engine ignition from erroneously causing the
program to begin accumulating durations and total impulse.
The time at which this threshold was satisfied was declared
by the program to be time zero for computing durations, and
for the next 9.50 seconds or until it decided engine burnout
had occurred (whichever came first) it accumulated thrust
outputs for total impulse and examined them to detect a valid
peak value.

The peak value detection logic rejected any peaks which
occurred more than 0.20 seconds after a previous peak of 4.5
Newtons or greater, but accepted all others. "Peaks"
rejected by this criterion were almost always just spurious
output spikes, caused by ejection of an engine casing by its
gas generation charge when there was no delay between burnout
and actuation of this charge. The most recent valid value
of peak thrust was placed in addresses fip2C and @#p2D during
each cycle of OPER until burnout, at which time the updating

was stopped.

73

R




During each cycle of the program between the times when

it recognized ignition and burnout, the net thrust was added
to a three-byte memory location where total impulse was
accumulated. The design limit of this system was 99.99 N-sec.
of total impulse. Since 99.99 Newtons was 3150 A/D counts
and one second was 500 A/D cycles, the maximum value which
this accumulation could reach was 500 x 3150 = 1.575 x 106,
or 21 bits. The net thrust was obtained by sending the ADC12
direct output to the NETTST subroutine, where the zero refer-
ence value was subtracted.

The burnout detection logic defined burnout as that moment
when the thrust output of an engine first dropped below 1/16
of the peak value recorded by that engine. This is a more
flexible criterion than the fixed threshold value used to
define ignition. At the moment when burnout was recognized,
the total impulse value accumulated was sent to the DIMP sub-
program to be converted to a value in N-sec. and then to be
displayed. The value of the A/D conversion cycle counter was
also sent to a memory location to be remembered as the burn
time.

After burnout was sensed, the program waited for the
occurrence of a thrust spike at least 0.50 N greater than
the threshold used to determine the burnout. This was pre-
sumed to have come from the activation of the gas-generation
charge on the engine, and its time of occurrence ﬁinus the

burn time of the engine was stored as the delay time. At

this point, if the without-temperature mode of OPER was the
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one in progress, the test was considered to be terminated
and the TEST LED was turned off.

If the with-temperature mode was in progress, or if no
post-burnout thrust spike occurred, OPER continued until 73
seconds after engine ignition before terminating. Tempera-
ture data, if required, was taken just before termination by
averaging eight samples of the output of the peak detector
circuit. This data was then converted to degrees Centigrade
and displayed on the LCD by the DTEMP subprogram.

After each test the peak thrust, burn time, delay time,
total impulse, and (if used) peak temperature were available
for display on the LCD by pressing the appropriate input key.
The instrument could then be prepared for a new test by using
key F to clear all RAM locations except those five where the
calibration data was stored. Doing this caused the CLEAR LED

to come back on and left the CALIBRATED LED on.

D. SUBROUTINES AND MINOR PROGRAMS

Up to this point only the two principal programs used by
this system, plus the interrupt response and power-up rou-
tines and a few subroutines, have been described. The remain-
ing subroutines and minor subprograms were either quite
straightforward or very short and will be discussed only
briefly.

The CALSBT subprogram was entered in response to key 3.
It enabled the NMI interrupt in order to gain access to the

A/D subroutine, then averaged eight A/D outputs using the
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AVG8 subroutine. This result was used as the zero-thrust
reference value in the CALIB subprogram.

The CALIB subprogram was entered in response to key 4,
and was meant to be preceded by CALSET. Before selecting
this routine, but after executing CALSET, a 10.00 Newton
calibration weight was placed on the thrust transducer.
CALIB then averaged eight A/D outputs using AVG8 and sub-
tracted from this result the zero-thrust reference value
developed in CALSET. The difference was the net output for
10.00 N of thrust/weight. This calibration value was stored
in a section of RAM that was not erased between static tests,
and was used to convert A/D outputs from the operating pro-
gram into units of thrust or impulse. Upon completion of
CALIB, the CALIBRATED LED was turned on.

The HEXBCD subr&utine accepted two bytes of hexadecimal
data as an input and, using the binary-to-BCD conversion
algorithm developed in Ref. 12, converted this data to a
four-digit BCD result. The total impulse display program
(DIMP) could conceivably generate a hex quantity which would
overflow four BCD digits, so HEXBCD included a provision to
generate an output of 9999 if too large a hex input were
provided. It put the BCD output in the high four bits of
four data words, then added the proper data routing control
bits to the end of each word to send it to the appropriate
LCD digit.

The DTHST subprogram was entered in response to key 7.

It took the peak thrust A/D hex value developed by the

76




operating program during a static test and multiplied it by

100 with the MULT subfoutine, then divided it by the calibra-
tion value with the DVID subroutine. The result was the hex
value of peak thrust in tenths of Newtons. This was then
displayed using HEXBCD.

The DTEMP subprogram was entered in response to key B.
It divided the 12-bit A/D count resulting from conversion of
the peak detector output during a test by approximately 8.
This made each bit of what remained equal to one degree C.,
so the quotient was converted by HEXBCD and displayed.

The DIMP subprogram was entered in response to key 8.

It started by doubling the hex value accumulated by the oper-
ating program in the three-byte total impulse memory. This
converted the value to units of bit-milliseconds. This was
divided by the calibration, which had units of bits per 10N,
putting the quotient in units of 0.01 N-sec. This was sent
to HEXBCD for conversion and display.

The DBTIM (key 9) and DDTIM (key E) subprograms were
combined since their function was virtually identical. They
converted the burn time and delay time, respectively, that
had been accumulated by the operating program into units of
0.01 second and sent them to HEXBCD. This conversion was
accomplished by dividing five into the respective counts of
NMI interrupts, which had been incremented by OPER every
0.002 second.

The DDTHST (key S) and DDTEMP (key 6) subprograms were

also so similar that they were combined. They provided an
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LCD output of the direct, unconverted result of one A/D
conversion of the thrust and temperature transducer outputs,
respectively. These programs simply enabled the appropriate
comparator, called the ADC12 subroutine once, then sent the
result to HEXBCD.

The MULT and DVID subroutines provided 16 x 24-bit
integer multiplication and 24/24-bit integer division, respec-
tively, for use throughout the program. Both used standard
algorithms taken from Ref. 12. Considerable care was taken
to set up the arithmetic operations required by this system
so that they could be performed in integer arithmetic rather

than floating-point.
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VI. CONCLUSION

The objective of this project was to develop a micropro-
cessor-based instrument for accurate static-test measurement
of five performance parameters of small solid-fuel rocket
engines. Maximum and minimum design values for these par-
ameters and maximum allowable errors were established to
define the performance required from the system. It was then
designed and built with the additional constraints that it
have minimum parts cost and that it must operate from two
12-volt batteries and draw no more than one ampere from
either. The final design drew 0.69 ampere from +12V and
0.18 ampere from -12V, and had a 1979 parts cost of about
$350.

In the process of building this instrument and debugging
its 1450 bytes of software, it became apparent that major
simplifications of the software could have been achieved by
using slightly more expensive and sophisticated parts.
Nevertheless, the system was eventually made to operate
exactly as desired, displaying the values of the five par-
ameters one at a time on a four-digit liquid crystal display
after each static test.

A wide variety of solid-fuel model rocket motors were
static tested to verify the instrument's performance. Every

feature of the system functioned as designed on every test.




Static calibrations proved that the system thrust and

temperature transducers and its A/D conversion routine
delivered satisfactory static accuracy. There is no such
thing as a precision rocket engine which could be used as
a realistic dynamic reference source, so the real-time
accuracy could only be checked approximately. This was
done by recording the analog transducer output signals on
a chart recorder during a static test and measuring them
to estimate the values of the five parameters. These values
were in excellent agreement with the values then presented
by the system on its LCD.

The instrument developed in this project made extensive
use of the arithmetic and decision-making capabilities of a
microprocessor to deliver accurate measurements with rela-
tively inexpensive hardware requiring minimal adjustment by
the operator. These measurements were accurate regardless
of the shape of the input signal as long as this signal was
within the design limits of the system.

This instrument may be modified to test engines of up
to 1000 Newtons of peak thrust and 1000 Newton-seconds of
total impulse by replacing resistor R in the thrust ampli-
fier circuit (Figure 7) by a 2000 ohm resistor and by
replacing the 10.0N calibration weight with a 100N weight.
In this case, the thrust data output will be in whole Newtons

and the impulse data in tenths of Newton-seconds. This will

degrade the accuracy for tests of small engines.
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APPENDIX B. INSTRUMENT OPERATING INSTRUCTIONS

Apply external +12V and -12V power to the system.

Turn on the switch to provide internal +5V power to the
digital circuits. The CLEAR LED should come on and the
LCD should read P000.

Trim the BRIDGE NULL potentiometer while monitoring
thrust transducer output voltage until this voltage is
slightly above -5.00V,

Place the temperature sensor in an ice bath and trim the
TEMP NULL potentiometer while monitoring temperature
transducer output voltage until this voltage is -0.400V.
Place the thrust transducer flat and press key 3 to set
up for calibration.

With the thrust transducer still flat, place the 10.0N
calibration weight in the engine holder, wait a few
seconds, and press key 4. The CALIBRATED LED should
come on.

Place the thrust transducer on its side and clamp it
securely to an extremely rigid and sturdy support.
Place the engine to be tested in the engine holder.
Ensure that the ignition leads exert no force on the
engine along its thrust axis. Zero the peak detector

circuit. Attach temperature sensor to the engine.




9. Press key 1 or key 2 to initiate a test. The TEST LED
should come on and the CLEAR LED should go out. Press

key @ if it is necessary to cancel a test before the
engine is fired.
é 10. Fire the engine. The measured total impulse should
3 appear on the LCD at burnout.
11. When the TEST LED goes out, indicating the end of the
test, read out the performance parameters of interest
f by pressing keys 7, 8, 9, B, and/or E.
12. Clear the memory to set up for a new test by pressing
key F. The CLEAR LED should come on and the CALIBRATED

LED should remain on. Return to step 8 to conduct a new

test,
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COMPUTER PROGRAM

, F100 > OKG 2Fleed
FLe® CECOE3 LIX #e3
FIO3 &€22 LDA A %02 $SET MUX WORL CONTROL
FILeS 971C STA A 1ci
FDe7? €€F8 LDA A HCFEH . .
FI09 E71340 STA A PAL $1SENE "SAMPLE” TO SHC
FILeC EEFE LIA'A  #EFCH o
FL@E B71340 STA A PAl $SET LOW 11 [AC BIT?S 10 1
FD11 8672 LDA A #272R . )
FI13 B71340 STA A PAl $1SEND "HOLI” TO SHC
FL16 8€4¢ WNEX LLA A  #40H {BE3IN NEW WORL 2/D
FL1s ¢€71L STA A 1iE ;SET ROTATING BIT
FL1A 8€0S LIA A #@5
FD1C S71% STA A 1BH ;SET BIT COUNTEER
FL1E &63¢ LIA A  #EeH ;SET TAC INITIAL VALUE
FD20 2¢26 BRA BLEER
FI22 €61 START LIA A 11 ;PFGIY NEW PFIT A/L
FD24 8001 sUB A #01 +DICKEMENT BIT COUNTER
FL26 ©713 STA A 1Ed
FD2E 272B BEQ NEXT 160 TO NEXT WORD AFTER 4 BITS :
FL2A 01 NOP 1
FI2B P61342 LLA & PBL
FD2E E61342 LDA A F3D ;
FL31 01 NOP
FL32 ¢l NOP
FD33 8401 AND A #@1 s EXAMINE COMPARATOR 1
FI35 2604 BNE PAST {BRANCE IF SAMPLE > LAC L
FD37 SELE LDA A 138
FIL3S IS1L LIA B 1iH
FI3B 1¢ SBA ;SUETRACT KOT BIT FROM TEHST
FD3C 740621D LSR 1TH ;SHIFT ROTATING BIT
FL3F 2¢e7 BRA BAKER
FD41 S61F PAST LLA A 1EH
FI43 CALL ORA A 1IE {OR ROT LIT TO TEST
FL45 748210 LSR 1IH ;SHIFT =OTATING BIT
FL48 B4F0 BAKER ANL A #CFGH  ;MASK OFF LAST ¢ BITS
FD4A S71E STA A 1EE
FL4C EEFD EOR A #@FOH  ;COMPLEVMENT QUTPUT TO LAC
FL4E ¢AtC ORA A 1CH $ADD MUX CONTHOL
FL59 B71340 STA A PAL $SEND TO 1IAC
FL53 2¢CL BRA START
FD5S S61E NSXT LDA A " LEH
FL57 A71F STA A 1FH,X  3STCRE ALC VALUE UNPACKEL
FL53 7AE€1C DREC 1cH s ANT UNCOMPLEMENTED
FI5C @9 LEX
t FLSL 2ER? BGT WNEX ;G0 TO NEXT WORI
: FLSF €620 LIA A 2¢H {PACK ATC VALUE IN 2 BYTES
FL61 CEgeo4 LDX uc4
FI64 44 PACK LSA A
YL65 €9 TEX
FD66 2€FC BNZ PACK
FI68 SA21 ORA A 21k
FL6A ©724 STA A 24H 1LO% ALC BYTE
THIS DOCURTNT IS FPST ArnT YT ~
TIE Copoy - 103 AT TAYP};Q;TIACABLE.‘
SIGHT™To e B e v
90 FEFHODJH:LESZSLf:o‘Aﬂuhbuuxganono?




Pl 1 &5

FL6C
FDEE
FI71
Fr7e
F073
FL75
FD77°
FL79
FD78
FI7L
FL7F
FL81
FI&3

FC37
FC39
FC33
FC3L
FC3F
FC41
FC43
FC45
¥C47
FC49
FC4A
FC4aB
FC4C
FC4E
FC50
FCS1
FC53
FC55
FC57
FCS59
FC5SB
FCS5E
FC61
FC64
FC65
FC67

LIA A

LIX
LSR

LEX .

BNE
STA
LDA
SUB
STA
LI
SEC
STA
RTS
OH3
LIA
STA
LDA
sTs
STA
LEA
SUB
STA
BL:2
NOP
NOP
WAl
LIA
LDA
ABA
STA
LDA
ALC
STA
BRA
LIX
LSR
ROR
LEX
BNE
RTS
EQU
EQU
ENE

[ ]

Peom et e b

L 2 R

e e

22
#o4

PACK2

258

#2FCH

248
248

#eFH

28d
2¢H

@EC37H

#05
1€H
#eo
14H
15H
1€H
W1

1€d

RKON1

148
248

148
1SR
258
158
AVG
#03
1c8
148
|/UN

13408
13424

91

{BIGH ALC BYTE

$CHANGE SIGN CF RESULT

1AVIRAGES & A/D QUTPUTS

JWAIT FOR A,L OUTPUT

fALT 8 A/LC OUTPUTS

JLIVIIE SUM BY & FOR AVG

.

L0

Tt ey .- N -y -
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LN Nk

A
A
A
A
A
A
A
A
A
A
A

[

S Dmpe Do leDe e

PFZ00kH
44
#ZFR
OPER

42
2€H
#2¢i
2¢H
#2DZB
PAL
HESE
PAL
423
AVGB

NETTST
4¢d
STRT1
1780
413
1si
#¢
STRT
2€d
STRT
41
4€4
274
274
2:H
#¢e
284
#8FH
TiST1
kez
3cd
DELAY
<RY
TEST
TEST3
274
#€eld
2~k
#12H
BURN
8#Q1
2BH
2kd
STORE
TiST2
#3
2AH
2AH
2¢k
ne
29H
26N
201

X

21l
X

92

iL0O NOT PROCEET IF UNCALIERATEL

iSET INTERVAL COUNTE:
$SET MEMORY PCINTER

i SNARLE THRUST COMPARATOR
+SET UP LEI

$AVG PRESENT OUTFUT F°R LERC REF
sWALT FCR TIMER INTZRRUPT
$SUETRACT 2XRO REF FROV A/D

+BRANCH IF THST STARTEL

;WAIT FOR THEEUST ™ @.Se2N
iWAIT FOR TdST EI FOR 3 CCUNTS
iTIME SOUNTER LCW BYTE

iTIME COUNTER HIGH BYTE

7STCP TIMING AFTER 73 SEC

i EYFA3SS IF BUENOQUT PAST
;STCP STORING THST AFTER

$BYFASS IF 3URNOUT FAST
FMEMORY PCINTER LOW
$MEMORY POINTER HIGH

+ INCREMENT MEMORY POINTER uY I
{PUT MEVYORY POINTER IN X




TEB1
FE82
FES4
FES6
TEB8
FE8A
- FEBC
FESE
FE9OQ
FE92
TE94
FEC6
FES8
FEOA
FESC
FE9L
FEAQ
FEAZ2
FEA4
FEAG
FEAS
FEAA
FEAC
FEAE
FEBC
FEB2
FEB4
FEB6
FEB8
FEBA
FEBC
FEBE
FECe
FEC2
FEC4
FEC6
FECS
FECA
FECC
FECE
FED@
FEI2
FEL4
FEL6
FEL8
FELB
FELC
FEDD
FELE
FEE@
FEE2
FEE4
FEEG
FEE8
FEEA
FEEC
FEELE
FEFO
FEF2
FEFS
FEF?
FEFS
FEFB

29

€622
A720

6617 FMAX
eezl

618

€22C

2132
€2l

ces?

De2C

C200

2C12

o617 NEWMAX
9721

€18

€72C

o€27

€72E

2628

c72F

2016

o627 TIMT
SU2E

€739

]

9e2F

9731

8630

8ec4e

5631

8209

2LLS

€€32 IMPULS
¢B17

9752

€633

geie8

£733

€634

500

€734

s¢€2C

621
CECeos

44 CIVBY
66

23

26FF

ceee

D73E

8co¢
€736
635

Lo17

[63¢6

L21¢&

2063
7eFilE D
€62k TEST2
z€1}

9627

E¢ed

LEX
LIA A 224
STA A X
LIA A 178
SUB A 214
LIA A 1&8
SEC A 2C3
BLT IFPULS
LIA A 2ls
SUB B #13&
LDA B 2C8
SIC B L{]’)
3GE TIMT
LIA A 17H
STA A 204
LDA A 188
STA A 2CH
LIA A 27H
STA A 2LA
LIA A 2ad
STA A 2FH
BRA IMPULS
LIA A 274
SUB A 2.8
STA A 3ed
LLA A 2e8
SBC A 2FH
STa A 316
LLA A 3¢E
SUb A #1¢0
LDA A 314
SEC A #00
BLT NEWMAX
LIA A 28
AIT A 17H
STA A 324
LTA A 338
ADC A 184
STA A 334
LIA A 34H
ADC A #co
STA A J4H
LIA A 2¢H
LIA B 2TH
LIX #ee
LSR A
RCR B
DEX .
BNE TIVBY
AIC B #ee
STA B 38H
ALC A 14
STA A 364
LLA A 2&8
SUB B 174
LIA B 3€H
SBC B 158
BGE TEST2
JMP STRT
LIA A 2B4
ENE T:ST3
LLA A 274
SUB A #1¢@
93

' FM£X/716 - THST

# SUBTRACT FMAX FROM THRUST

t+BRANCH IF FMAX > THRUST
iWA5 FREVIOUS FMAX > 4.33?

i BRANCH IF YES

$SET FMAY = THRUST

FFINE TIME-TMAX

;LAST FMAX MORZ THAN 2.2 SEC 7AST?
s BRANCH IF nNO
+ALL THST TO TOTAL IMPULSE

yTOTAL IMPULSE HIGH BYTE
yCIVILE FMAX BY 16

iLSD OF FMAY/16
i ¥SD CF FMAX/1€

i BRANCHE IF THST<KFMAX/LE

yERANCE IF BURNOUT PAST

TRTS NO/ATm w20 £oo Ayvas 1oy $ g 0 TT O AR R e
e . : CRTIINA
0P L4 30 510H DO NOT




D e —— BT

A
i
i PEFD 962& LDA A 28H
| FEFF £200 SBC A (¢ 1IS TIME > 0.28 SEC?
! FFB1 2C¢3 BGE TBURN  {BRANCH IP YES i
3 FFO3 7:FE1E > JMp STRT {WAIT FOR NEXT A,L OUTPUT !
s FFO6 86€1 TBURN LDA A  wel ;
1 FFO8 €72 STA A 2}
. FPEA 9627 LIA A 274 . L
FFEC $737 STA A 37H ;BUEN TIME LOW BYTE i
FFOE S€26 LIA A  28H .
FF10 5736 STA A 3238 ; BUAN TIME 3IGE BYTE i
FF12 7EFECS JMP LINMP i
FF1s 2212 BRA GOBCEK ;
FF17 Se35 TEST3 LDA A 35 i
FF19 BEQF ALL A #15 o
FF1B S€36 LDA A 3€d
FF1L 5500 AIC A #cO |
FFIF 9¢3% LTA A 35 .
FF21 9017 SUB A 17F )
[ FF23 €635 LIA oA 3si !
i FF25 9218 SBC A 18H 3 F¥AX/16)+@.5N - THST :
FF27 2I¢3 BLT. DZLAY  ;BRANCE IF EJECTICN 0CCU:3 :
FF29 7EFE1E . GOBCK JMP STRT i
FF2C €€39 IELAY LIA A 3¢H i
FF2E 2610 BNE ?IMP1  ;BRANCH IF EJTCTION PAS? :
FP20 S€01 LIA A &l :
FF32 5733 STA A 32E i
FF34 c627 LIA A 27H !
FF36 SE37 SUB A  37i ‘
FF3E S73A STA A 3AH ;DELAY TIME (LC:
FF3A c€28 LIA A 23K
FF3C €233 SBC &4 38H
FF3E <738 STA A 3EE ;DTLAY TIME (HI)
FP40 €49 TEVMP1 LIA A 4S3
FF42 81€1 CMP A #e1 :
FF44 2602 ENE TEMP {ERANZE ONLESS IN NO-TEM® MODZ
FF46 2¢1E BRA FINIS
FF48 9633 TEMP LDA A 35H
FF4A €122 CMP A #€2
FF4C 27¢2 BEQ TEMP2  ;BEANCH IF TIME > 73 3iC
FFAE 20I¢ BRA GOECK
FF5Q 86C3 TEMP2 LLA A #(¢C3H
FF52 B71340 STA A  PAD {EN:BLE PX LET COMPARATOR ;
FF55 86¢0 LIA A  #.0 : i
FF57 S714 STA A 14H :
FF56 €715 STA A 1sH
FFSB BLFC37 JSR AViS
FFSE St14 LDA A 14f
FF60 S?1F STA A 1iFH ;STCRE PEAE TEMP (LO)
FF62 ©€15 LTA A 1:H
FF64 5723 STA A 23 ;STCRE PIAK TEMP (HI}
FF66 8653 FINIS LIA A #53d
FTF68 B71240 STA A PAD +TURN OFF TESTING LED
FF6R €742 STA A 424
FF6D 7EFBES JvP KEYIN
FECE LIMP  EQU 2F8CeH
FA4C ITEMP EQU ¢iA4EH
FC37 AV38  EQU eFC27H
J Faze NETTST EQU 2re2ey
; 134€ PAL 20U 17404
; FEE6S EZYIN EQU ¢FB654
i ENE
. L abe
! NOT

94




FB43
FB44
¥B46
FB49
FE4C
FB4E
FB52
FBS2
FE54
FES6
FBS8
FBSA
FBSL
FB60
FE62
FB64
FB6%
FBE?
FBES
FBEB
FBED
TBEF
FB71
Fp73
FE75
¥B77
FE7¢
FB7B

FC8B
FCcar
FCer
FCo1
FC94
FC97
FCo9
FCOB
FC9C
FCOE
FCAl
FCAD
FCAS
FCA7
FCAB8
FCAA
FCAC
FCAT
FCAF
FCB1
FCB3
FCBE
FCB7
FCB8
FCBA
FCBC
FCRE
FCCo
FCCZ
FCCS
rFcce

E71345
B71343
8coo
G744
o749
BETF
9743
SE44
86FF
B71341
BLFC8B
6€13
€742
ei
€646
€149
26L2
2078
£743
9E49
SB43
€721l
86FC
373C
LEZC
€ECe
FC8B
8ele
s74¢
¢741
BDFF7¢
CEQO48
8€0¢
A720
€e
26FE
CZSFFF
8EOE
ATED
LFis
(4%
S€1s
C61r
11
2704
1305
2CF0
CU4E
CeLF
11
26¢4
2643
2002
8613
B7134¢
c742
B71345
39

N
7

ZYACT

[
CLEAR

CLRz2

CLR3

CLR1
CISE

ORG
CLl
LDA
STA
STA
LIA
STA
STA
LIA
STA
LIS
LIA
ST4
JSR
LIA
STA
NOP
Lia
CMF
BNE
BRA
STk
ALL
ALD
STA
LIA
STA
LTX
JMP
0RZ
LTA
STA
STA
JSR
LLX
LTA
STA
LEX
BNE
LLX
LIA
STA
STX
LzX
LDA
LTA
CBA
BEQ
LIA
BRA
LI4
LIA
CEA
ENE
LIA
BRA
LIA
STA
STA
STA
RTS

i ete e i

Lol o

A

= b

>

dFB43d

#ECH
124510
1242H
HEOE
44
4391
#e7Fd
4ZH
44il
#C¢FFE
13418
ZERKG
#13H
423

4<H
4SE
KZYaCT
KEYIN
433
4¢H
41
ZLlE
#¢FCH
2CH
2CH

X
grcaBi
420
AQn
411
HEXBCD
#4213
GO

)4

CLzAK
#9FFFh
#ee

X

1¢H

1¢d
#lFd

CLR3

- HED

CLk2
4 b
193!

CLR1
#43H
DISP
#13H
Phi
424
12450

95

SABLE NFM1 FROM TIMLK
T DATA DIR REG B FCE IKFUT

iSET STACK POINTER 10 C@7F

$SET LATA LIR EEG A& FIR OUTPUT
+CLEAR ALL haM '

jEAS MOLE SET VhOM
iXE7BOARD CHAAGEL

yIF NO, LO NOTHING

y I Y25,JUMP TO RISPONSE

+L317 QFFSET FOR JUMP

7110AD BASE ADDRESS PO JUI'F
JUYPF 10 MOIL RCUTIN:Z
iVESTOR TALLE

iZLRO LCD

yCLrA: ZZRO-PASE RAV

yCLEZAE TLYNAMIC RAM

i TEST IF CALIBHATED

IF 1R5,
fTURW ON CALIE & CLR LED
HE S ¢

iTUEN ON CLR LED

iTU#N OFF TIMER NMI

PHIS DAMIn mn Tr S5an S TT R 2 TINBLE,

S RAT

IR TEE -
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UNCLASSIFIED

Dur EN D
e
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¥r7o
Fr72
FI74
FF76
Fr78
TF?7A
rre?c
) 4 x)
FFeo
F¥32
rr84
) 2 £°141
rres
TI8E
PYEE
) 1-)!
rred
rrse¢
rres
) J 244
7759
FFO3B
FrocC
313 4
FYSF
FFAL
FFAS
FFA4
FPAGE
FFA7
FFAS
FFAB

AR
+£BE
FFB3
FF35
FFB7
FFES
FTREB
FFBL
FFCO
PFC2
FrC3
FFCS
FFC7
Frce
FFC9
rrCA
FFCB
FICE
FFLO
FFI3
FILS
FFL6
FFD8
FFLB

FF7¢
€€02
&73E
€73F
Cele
L747
8€26
oc4l
2C08
e€27
€741
Ecor
e74¢
78e04e
75e€41
Ceoiol
Eco9
49
AG3E
1c
2408
AB3E
19
A3k
or
208°%
AS3E
1¢
A73E
€9
LF1¢
2CE6
TAE047
2EL8
CEQLe2
g€ede
€743
A€E3D
84F0
9442
171240
8EFY
4A
26FL
AS3L
48

43

4€

48
7Ce€43
54l
B71340
8€EFF
44
2€FL
7Ce0243

SEIFT

LOUBL

SIDE

DECR

ouT

SENI1

ORG
LDa
STA
STA
LIA
STA
LIA
SUB
BGE
LIA
STA
LIA
STA
ASL
ROL
LDX
LIA
ROL
ADC
LAL
BCC
ADD
LAA
STA
SEC

ADC
AL
STA
DEX
STX
BGE
DEC
BGT
LLX
LDA
STA
LDA
ANL
ORA
STA
LIA
DEC
BNE
LIA
ASL
ASL
ASL
ASL
INC
ORA
STA
LIA
LE

BNE
INC
LEX

e oo

Lo

i i S e>i»i»

@FF70H
N0
3EH
3FE
#16
478
n26g
418
SBIFT
#278
418
¥3FY
4CH
4CH
418
#21
#00

3%E,X

438
421
PAL
#CFFH

SENTL
428

;CLEAR OUTPU?T
}BCD OUTPUT (HI)
3 ECD OUTPUT (LO)

i IF INPUT WILL CAUSE
yOVERFLOW, THBEN MAKE
1 CUTPUT = €969
192X INPUT (LO!
$BRX INPUT (HI)

+PUTS CARRY EIT IN A

i STCRES CUTPUT IN LCT
tOUTPUT LATCYES

yALIS LATCH MUX CONTRCL
$LIGITS 2 THEN 4

+LIGITS 1 THEN 3

Py




FABO O 0AG 0FABOH
FAB® CE¢1F4 @wx #5080
FAB3 01 Y NOP

FAB4 €9 LEX
FABS 2€FC BAE WAl® ;IEFOUNCE KEYBOARL
FAD7 86F3 LIA A #€F33 i
FABS B71340 STA A PAD ;RESET IRQ PLIP-FLOP !
FABC 5642 LIA A 42K i
FABE 371340 STA A PAD {RESTORE LEL CUTFU? i
‘ FAC1 BE1342 LIA A PBL $INFUT KEYBOARS ENTRY -
_ FAC4 B41E AKL A #13H $MASK OFF KEY EBITS |
: FACS 44 LSR A _
: FAC? 9746 STA A 4€A :
! FACS G646 LDA A 4€H
] PACB 27@6 PEQ PAKIN  SIF NOT STOP OR ZERO ,
: PACL s1e¥ CMP A #CFY $ COMMANIS ,RETURN TO
i FACF 2702 BEQ PAKIN I PRCGRAM 4
! FALL z¢21 ERA BACK
i PAD3 S€42 PAZIN LDA A 428
: FALS 81€3 CMP A #E3H ;IS TEST LEL ON?
; FAD? 2667 BAE TAK
} FALS 8653 LIA A #53H ;IF YES, TURN OFF
| FALB E712340 STA A PAl
: FADE S742 STA A 428
FAEO 32 TAK PUL A ;IF STOP OR ZERO KEY
FAEL 32 POL A ;#A5 PREISSEL, RZTIRN
FAE2 32 PUL A $TO KEYIN ONLY
FAE3 32 PUL &
1 FAE4 32 PUL &
¥ FAES 32 PUL A w
_ FAE6 32 PUL A :
1 FAE? 8665 LIA A #65H !
3 FAE9 36 PSH & |
FAEA 86¥B LDA A  #CFBH |
FAEC 3¢ PSH A -
FAEL &€00 LLA & #Ce
; PAEF 3¢ PSH A
: FAF? 36 PSH A
) FAF1 3€ - PSd A
’ FAF2 36 PSH A
! FAF3 35 PSH A
f FAF4 3B BACK  RTI
1340 PAD EQU 13408
FF70 HEXBCT EQU QFF?24
1342 PRL EQU 12423
Fces > OR3 PFCEBE
FC68 86F8 LIZA A #24E
FC6A 37134L STA A 124IFE  ;LOAL TINMER FOR 2 MSEC
FC6L 9642 LIA & ° 428
FCEF 5i€8 OFA A #8
FC71 B71340 STA A PAD ;ENABLE RAM REFRESH
FC?74 CLOQOF LIX #15
: FC?77 e¢ WAIT LEX
1 FC78 26FT BNE WAIT ;WAIT FOR RAM REFRESH
: FC7A c€42 LIA A 42E
i FC?C S4F7 ANL A #¢F7H
| FC7E B71240 STA A PAD }STCP RAM REFRESH
} FC81 $64S LEA A 46H {WHAT MOLE WAS SELECTEL
d FCES &£€07 SUB A &7 $ BY XZYBOARD?
i FC35 2re3 BGT BACK
] FCB87 BLITee ISR ADC12 $GO TO A/D IF REQUIRED
i FCSA 3t BACKE  RTI
i 1340 PAL ECU 12424
= Free ADC12 LQU eFLeod
3 END . .
b 1 Al
97 : . LT




. FA4@ Y OKG @7A408
a FA46 8600 LIA & weo ;CISPIAY TEMP IN IEG C
F FA42 €52l STA A 01d
FA44 S70E STA A QEH {SET UP POR LIVISION
FA46 ©7¢A STA A @AH -
7A48 €653 LDA A #5BR
FA4A SOIF SUB A 1Fd
FA4C $7€C STA A ecCH ;CHANGE SIZN OF ALC
FA4E &€€7 LDA A #27
FAS59 9223 SBC A 234
FAS2 9703 STA A ©OBB
FA54 E£617 LIAL A #31
FAS6 S707 STA A @FR ;31 TO LIVISOR
FAS8 Creove2 LDBX 402
FASH S$500 QUAL LIA & o2 ;QUAIRUPLE OUTPUT
FASI ShEC AIT A ocCd
FASF €70C STh A pCi
FAE1 SECE LIA A @BK
. - FA63 <S¢k ADC A ©3E
; FA65 €70} STA &4 23H
t FAE? QE¢A LTA A QAH
: FAES ©SCA ADC A QA3
| FAG6F ¢704 STL 4 @iF
! FAEL €3 LEX
3 FAGE 2CEB BNE QUAT
i FA70 BIFLE4 JSE VLI ;00 WaKT T:MP TO §3JL% DEGREES
' FA73 S€C3B LLA A Qtd ;BY GIVILING AT COUNT
- FA75 €741 STA & 41H 1:Y 7.78
: FA77 Se6C LDA A  @CH
! FA7S €740 STA &  4vH
§ FA7B BLFF7¢ JSK HEXECD ;CISPLAY Fr:E TEYPERATURE ;
» FA7S 7EFB6S Jvp CEYIN i
; FARE > CAG QFLERE i
4 FADD ¢621 ITRST ] LIA 4  21E {PEAK TERUST IN 2.1N ;
FAR2 S70€ STA A 2¢€H i¥MaX LC) TO MPCANT
FAO4 S€2C LIA & 234
FAG6 €723 STA A @%B ;FMAX BI, 7O MPCAND :
. FAOS 8664 LIA A #120 i
: FAGA &7¢4 STA A ©4H sMULTIPLIFF = 1€0
: FAOC e&ee LLA A %02
FACE 97e2 STA A ozH
FA1® <7¢2 STA A ©3H
FA12 ¢73L STA A oDH
FA14 BIFICF JSR MULT ;MULTIELY FMAX BY 1ée@
FAL? 960% LDA & 2cH
FA19 €704 STA 4 @sl {ERCCJCT TC CIVILENLD HI.
FAL1B 9€EE3 LTA A 22E
‘FALL <70l STA A QFi ;LIVIDENE MEL)
FALF C€¢ 4 LIA A ° 24H
FA21 ¢7eC STA & @cd $DIVIDENDE (LC)
FA23 €GiA LIA A  4AH
FA25 €7¢F STA A ¢FH +CALIBS TO0 DIVISOR (LO)
FA27 SU4F LIA A 4tH
FA29 S$7€E STA A GEH iCALI3 TO LIVISOR (MED)
FA2R ELFIS4 JSR DVID ;LIVIVE FRCLUCT RY 10 N.
FA2E ¢6¢C LTA & 03E ;LISPLAY PRAX THHUST ;
FA3C 9740 STA A 42K ;MAX (LC) TO HEXRCD ,
FA32 CGeE LIA & &kd ;
FA34 €741 STA A 41H {FMAX (HI) T0 BEXBCL %
FA3S EIFF?70 JSR HEXECL
FA39 7iFE6S JMP EEYIN :
FLE4 DVID EQY 2FL84H
) FICF MULT  EQU #FLCFil
THIS Doy mvmop s e,
mirp o LT iy
98 e o T,
RSPl o DL OF FAGLS WhIoy DO mop 4




F184 > ORG OFL84H
FD84 CZ@€19 LIX #28
FIB? S€20 LIA A #@0
FI89 9%27 STA A 97 ;CLEAR UPPER LIVIVILEAD
FDaB 5706 STA A 08
FI8L €729 STA A £S
FDEFP S€ES UNSDVL LDA A €S i SUSTRACT LIVISOR FROM
FIS1 ¢712 STA A 12§ ;UPPER LIVICENL
FI93 ceer SUB A erd
FIS5 S7@9 STA A o¢
. FI97 S€¢s LTA A @85
¥D39 5711 STA A 11H
: FIOF €20E SEC A @i
] FIOL <7@& STA A @8
; FLOF 9€87 LDA A 27
: FLA1l 6710 STA A 108
FIA3 €2CL SBC A el
] FDAS 97€7 STA A @78
i FLA? 240F BCC UNSIV2 ;BRANCH IF NO OVERFLOW :
i FLAS GE1¢ LDA A 1¢E sCANCZL SUBTRACT IF OYSRFLLW 3
; FIAB €707 STA A @7 1
FIAL €11 LIA A 118 1
FLAF ¢7¢8 STA A €&
FIB1 9612 LIA A 12H J
FDB3 5765 STA A @S '
FL3S &0 . CLC {FUT A @ IN QUOTIENT
FLB6 2eel BRA UNSIV3
FDB8 @D UNSDV2 SEC ;PUT A 1 IN QUOTIENT
FLBS 7¢020C UNSLV3 ROL acH
FDBC 7:2¢eB ROL @RE
FLEP 7¢000A ROL @LH
FLC2 7¢@ees ROL s
FICS 79¢008 ROL g€
FLC8 790¢a? ROL 07 {ROTATE LIVILENE LEFT
FLCB 2% LEX . { TIST COUNTER
FLCC 25C1 ENE UNSLV1
FICE 3§ BTS
IC > gun
FICF RG @FLCFH
_ FDCF 8620 [::::::] LLA A #0€
! PIL1 S700 STA A 00
; FIL3 9701 STA A £1
§ FDD5 CE@G19 UNSM@  LIX 425 $SET ITERATION COUNTER
! FII8 oC CLC
‘ FII9 760C20 UNSM1  RCR 00
FDDC 7€c¢el ROR 21
FILT 760002 ROR @2
FLE2 760103 ROR ez
FDES 766624 ROR  * 04
FLE8 €S LEX s LECREMENT COUNTER
! FDES I'F19 STX L
! FIED 2712 BEQ UNSMZ2  ;TEST COUNTER
: PLEL 24E4 BCC UNSM1  ;BRANCE IF MULTIPLIZE BIT IS ¢
| FIEF €621 LIAA Q1 ;ALL MULTIPLICAND IF
’ TIF1 ¢ CLC {MULTIPLIER BIT IS 1
i PIF2 ¢S¢6 ATC A ¢€
; FDF4 9701 STA A @1
; FLF6 600 LIA A co
FLF8 99¢5 ADC A ¢S ?
' FDFA $7¢0 STA A 00
i PLFC 7EFIL9 > JMP UNSM1
i FLFF 39 UNSM2  RT
- END : At [akind T:;\Bm‘;
TR TR AW‘!
99 o L oamkouDy ;




FCDS
FcLé
FCIS
FCLB
‘FCIT
FCIF
TCEl
FCE3
FCES
PCE?
ECE9Q
FCEB
FCEL
FCEF
FCF1
FCF4
FCF6
FCFE
FCFA
FCFL

FB31
FB32
FB35
FBZ7
FB39
FB33
FR3L
FB4O

FCQ0
FCO3
PCR6
FCo9
FCOC
FCOF
Fc12
FC15
FG18
FC1B
FC1E
PC21
7C24
FC27
PC2A
FCZL
FC30

FrF8
FFFA
FFIC
FFIE

PCLS
3F
BLFC3?
6614
€04C
€744
€615
524D
&74b
9&42
€183
27¢4
6€43
2002
8€63
B71340€
€742
86eF
974E
B71245
7LFB65S
FB31
3F
BLFC37
€014
S74C
€615
74l
371345
7LFB65
F165
FC3?
1340

Fcoo

7EFB6S
7LFE00
?3FEe0
7EFB3L
7EFCLS
7EFBAC
7EFBAC
7EFAQ0
7EFEC8
7LFBCO
7EFB24
TETA4D
7Lreee
7EFCO0
7Erb24
ELFCBB
7EFB63S
FFF8

FAEBO

FCo68

Fcoe

Fbal

’ e

SET4

SETE
PUTP

’ G

KEYIN
AVGE
PAD

ORG
Svl
JSR
LTA
SUB
STA
LIA
SBC
STA
LIA
CMp
BEQ
LDA
BRA
LIA
STA
STA
LIA
STA
STA
IMP
ORG
Swl
JSR
LIA
STA
LIA
STA
STA
JuP
EQU
EQU
EQU
END
ORG
JMP
JMP
JMP
JMP
JMP
Jmp
Jvp
JMP
Jrp
Jvp
JMP
JMP
Jup
Jmp
JMP
JSR
JmMp
OKG
WCRL
WORD
VORL
WORD
ENE

e > el

e D= B b b

erersu

AVGE
144
4CH
3AH
158
414
4rR
423
#2138
S376
#4338
PUTO
#6348
PAL
423
#CFA
4i3
134580
XZYIN
CrB3ii

AVGE
144
4C8H
18H
4DH
13458
KEYIN
2¥b653
8¥C371
12401

2FCeos
OFBE5H
¢FEegH
eFEeoH
@F1314
OFCLSH
2rBAQE
@FBACH
¢Frreor
PFRCSE
¢rpeed
oFE24H
¢rAa408
¢reecH
greoen
QFB248
@:C8BH
¢FEGSH
@FFF8n8
OFABOH
erceen
eFCo3y
2FB438

100

$STCRES ALC COTPUT
s FOR 1€N INPUT '

—— ot e e

iSUETRACT CALIB ZERO REF (1O}

{CALISRATION (LO)

i SUETRACTS CALIB ZERO REF (3I)

FCALIERATION 13])
$LIGBT JP CALIEB LEL

ET CALIBRATION INDICATCE

'3
sCISABLF NNI

3 STCRES 4IC OUTEUT
s FOR ZERQ WEIGHT
;CALIE ZERO REF (LO!

sCALIB Zik0 REF (FI)
fLISABLZ NMI

;KEYIN
;sOPER (NO TEMP)
s OFER
$CALSET
JCALIE

i DDTEST
sICTENMP
sDTHST
sLIvp
;IB1IM

s LTV

s LTEMP

: (APCOR)
$:LCSC)
PDDTINM

3y ZEnO

+IRC VEGTOR
$SWI VECTOR
+NMI VECTOR
+STARTUP VECTOR

~ Nl RO

Ve gy




FBC8
FECA
FBCC

FECE

¥BLO
nr2
IBI4
FBLE
FBDE
FBIA
FBLC
FBLE
TBED
¥FBE2
FER4
FREE

"FBES

FBED
FBEL
FREF
FBF1
FEF4
FBF6
FEFS
FBFA
TBFD

FBOG
FB@2
FBO4
FBo¢E
FBOE
FBeA
FBoC
FBOE
1338
FB12
FBl14
F317
FB13
FB1b
FBLIL
FBL1F
FB22
FBz24
FB26
FB28
FE2A
FB2C
FB2E

FBCE
€632
€E32
€7€C
€633
€633
708
€€34
€634
S72A
c544
§7QF
Gc4B
€70L
6€ee
c7el
BLFlc4
€COR
5741
€€QC
€74€
BLFF7Q
€45
6¢02
2E82
78FF17
7EFBES
F1ed
ee3?
976C
€€38
57¢B
EELS
S7¢F
866¢€
57er
€7¢E
8704
BLFI84
9tec
974¢
060R
o741
BLFF7¢
Z00A
GE2A
€70C
GE3B
€70k
ZULA
7E¥165
FFL7?
FE?€
FBES
Fle4

ORG
ADD
STA
LTA
ALC
STA
LTA
ALC
STA
LIA
STA
LDA
STA
LIA
STA
JSE
LIA
STA
LIA
STA
JSR
LIS
Su3
EGT
JMp
BCX JMP
0RG
[BTIM | LIA
ST&
LIA
STA
SETUP LIA
S5TA
LIA
STA
STA
STA
JSK
LIA
5T
LIA
STA
JSHK
TRA

LITI~ ] LIA
[EEmy] Lo

LIA
STA
BEKA
GOEK  JrP
TEST3 EQU
REXBCD ECU
KETIN EQU
LVIL EQU
END

e e e

Ll A N A S 2

.

prpcad
32
328
oC8
338
33d
Qe3d
3419
344
2As
41y
ord
413
L)
£20
Jti
IVIL
2Rd
418
ocH
4cH
BEYBCD
4¢3

z
<

ECK
TESTZ
KZYIN
2FE004
27
2Cid
334
JE3
#CS
ery
&ce
B %
23
CAH
DVID
9cs
4¢1
Qb4
414
HEXBCT
SOEK
3AH
JCH
IHd

* erd

SETUP
KEYIN
CFF17H
EFF7CY
@Fr6SH
pFlE4d

101

+COMPUTES & LISPLAYS IMFULSE
+LOUBLE IMPULS '

i STCRE IMPULS IN DIVILEND

iSTCRE CALIBRATICN IN IIVI3CR

7PERFORM LIVISION TO G:*
PUNITS OF .01 N-SEC

iCONVERT QUOTIENT TC RBCI
FANL DISPLAY

s CONVERT BURN TIME
Y INTERVAL COUNT

iMOVE BIJRN TIME TO LIVILENT

+DIVISOR=5
i CLEAR OTHER LIVISION EYTES

LISPLAY TIME IN BUNDAEDTHS
QF A SECONL
i

ONVERT DELAY TIME
NTERVAL COUNT

tMOVE LELAY TIME TO TIVIIENI

THIS DOCUMSNT TG 79~ A0 11TV PYACTICABLE.

TH? O0py T SEATT L T 0 CATNTD A

SIGRIFIZIT U .0 0F PAGL: WEICH DO NOR

REFAUDGUNF LEOTRLY, H




e A s ML S TR e

FE29
¥s2a
reac
FBZE
#83¢
F&d2
F634
FE3C
FB38
Feca
FEZC
FESE
Fede
£z42
FEs4
Fe4¢€
FE4S
Fess
FS4l
FB4&
Fe4r?
FESQ
¥as2
Fes4
£856
Fese

FBaC
FRAZ
¥BAS
FBeY
FLAA
FB&C
fEA:
FEEL
Foal
Feec
FEDBS
FES3
FEBEL
FEET
FE2i
dEC4

F&28
¢€24
614
717
€4F0
¢721
5629
6219
3718
£460
£160
2598
S€Q¢
S717
€713
5721
Cxan24
817
I1c18
44
£
es
iF1¢
2EFQ
5720
[722
39

FEAD
2€L3
771342
9642
571340
A4\
86C2
71342
9642
271240
EDEDEO
9624
9740
9625
9741
BDFF7@
7EF 69
FE7C
I31-%
124¢
free

(N4

\

> P o e g e

NET

UNPCK
BACK
DLTHS T

CLTEME

ATOL

HEXRCTD
KUYIN
PAL
ADC12

ORS
LIA

SUB’

STA
ANL
STA
LDA
SBC
STA
ANL
cup
BNE
LLA
STA
STA
STA
LIX
LIA
LDA
ASL
ASL
DEX
STX
BGT
STA
STA
aTS
ENL
0oRG
LIa
STA
LIA
STh
20
LIA
STa
LIA
5TA
JSK
LTA
STA
LA
ST
JSH
JMP
EQU
EQU
EQY
Pl
ENL

o = O i s>

- 0w b

eF828H
248
148
178
NOFOH
21d
25H
154
168
#eeH
#e08
NET
"eo
17H
184
214
¥o4
178
188

168
UNPCK
2¢H
228

¢FEA2H
#2124
PAL
424
PAD
ATOL
4« CTH
per
42h
PAD
ALd12
248
4CE
294
41h
BEXECL
KEYIN
gvr7en
IF16531
12424
251¢en

102

#NET THRUST LOV BITE
;UNPACKEL NET THRUST MEL BITE

;NET TARUST HIGH BYTE

MAKES NET THRUST ZERC
$1F NEGATIVE

FUNFACKED NET TERUST LOW BYTE
+UNPACKET NET THRUST HI BYTE .

fENAELY THRUST COMPARATCR

$ENAELE THERMOCOUELE COMPARATOR

iLO# ADC T0 HEXBCD
yHIGR ALC TC HEX3CD

g . P s

T LT T I CABLR .,
- . LT R | /
EEAPIOA 0 SN e UF [AsLS wiiCH DO MOT

PIPRODUCY 220 130Y.




10.

11.
12.
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